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ABSTRACT

STUDY OF Si/Si02 INTERFACE PASSIVATION AND Si02 RELIABILITY
ON DEUTERIUM IMPLANTED SILICON

by
Tias Kundu

One of the major defects that contribute to the interface states in the silicon band gap is

the dangling bond, which degrades performance of MOS devices. Passivation of these

bonds with hydrogen had been found to diminish their effect but the improvement

degrades the operation due to hot electron effect. Passivation with deuterium annealing

has proven to improve the lifetime of the metal oxide semiconductor devices but this

technique is not very effective for a multi-level metal-dielectric structure. This work

investigates and optimizes incorporation of deuterium by ion implantation into the silicon

substrate before the growth of 6.5 nm thin oxides. Different implantation conditions

were used for optimization of passivation in the silicon dangling bonds effectively. The

interface states density and reliability of deuterium-implanted capacitors was investigated

by extensive electrical characterization. Deuterium and hydrogen implanted capacitors

showed identical interface passivation effect. Secondary Ion Mass Spectroscopy (SHIMS)

study supported the electrically measured data and showed the presence of deuterium

both at the interface and in the oxide. The optimum passivation was obtained for

deuterium implantation at 20keV with dose of 1 1x1014atoms/cm2. For higher dose of

implantation, lx1015/cm2, the reduced passivation and oxide quality has been observed

and attributed to implantation induced damage not being completely annealed during

oxidation.



Deuterium distribution in silicon/silicon oxide systems was further investigated

by subjecting the MOS capacitors to annealing conditions at 600 °C and 700°C. Interface

quality and oxide reliability degraded in annealed devices with lower dose of

implantation, 1x1014/cm2 while improved for higher dose of implantation at lx1015/cm2 .

The out diffusion of deuterium ions during annealing governed the interface and oxide

degradation for lower dose. The improvement in case of higher dose is due to the partial

recovery of the damage, which is not completely removed during oxidation. Also,

diffusion of deuterium during annealing from damage sites lead to the incorporation of

deuterium ions at the interface and in the oxide.

For comparison, hydrogen implantation was carried out at similar conditions.

Hydrogen-implanted devices exhibited more charge trapping (increased Stress Induced

Leakage Current and Flat Band voltage shift), larger generation of interface states, and a

smaller charge to breakdown under electrical stress, compared to the deuterium devices

confirming the isotope effect.
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CHAPTER 1

INTRODUCTION MOTIVATION AND OBJECTIVE

1.1 Introduction

1.1.1 Si — Si02 Interface and Dangling Bonds

The Si-Si02 structure is the basic component in the metal oxide semiconductor Field

Effect Transistors (MOSFET). The Si-SiO2 interface has been most widely studied, but

reliability of the interface still remains a major concern today. With the trend to even

smaller devices with thin gate oxides (<7nm region) in VLSI technology, it faces an ever-

growing relative importance of the nanoscale Si-SiO2 regions.

One of the major areas of vulnerability of MOS devices results from the interface

region. The device performance is strongly degraded by defect generation as a result of

electrical stressing of thin oxides and Si-Si02 interface regions during device operation

[1]. The defects at the interface lead to electrical interface states (Dial in the silicon band

gap, which behave as trapping sites and recombination centers. These defects are

responsible for the high mean value and variation of the threshold voltage and reduced

channel mobility. High levels of interface trap density are unacceptable for

complementary MOS (CMOS) circuit operation and stability. This has evoked an intense

research in to the structural identification of these defects ever since the incorporation of

the Si- Si02 entity as a major constituent of successful devices [2, 3, 4, 5]. Information

on the nature of a defect is important, as they lead to ultimate failure of the chip. The

most useful information about the structure of defects in Si-Si02 has come from the

analysis [3, 4] supplied by the electron spin resonance (ESR). The ESR active defects are

referred to as Pb centers [5-11]. These dangling bonds were analyzed using capacitance-

1



2

voltage (C-V) as well as electron spin resonance (ESR) techniques [12, 13]. There are

two species of Pr defects. The first, Pro center, which is triply, bonded silicon with the

dangling orbital protruding in to the oxide along two tetrahedral Si bond directions

denoted as -Si .=Sib. The second (100) defect specie is Pro!, which has geometry similar

to Pro but is chemically and paramagnetically different. Prig is partially oxidized center

-Si Si20. These defects give rise to interface states in the Si band gap [3, 9]. Pro has its

(0--->1) electron transition approximately at 0.3 eV and (1-->2) transition at 0.85eV above

the valance band edge, while Pr! has its (0--->1) electron transition approximately at 0.45

eV and (1-->2) transition at 0.8eV above the valance band edge. The structure of Prig is

still unknown and is under investigation.

1.1.2 Passivation of Dangling Bonds

Silicon-dangling bonds at the Si-Si02 interface are electrically active and lead to the

reduction of channel conductance and also result in deviations from the ideal capacitance-

voltage (C-V) characteristics. The high mean value and variation of the threshold voltage

and reduced channel mobility is a clear indication of the unacceptable levels of interface

trap density for CMOS circuit operation and stability. Since the dangling bonds at the

interface of the Si-Si02 give rise to states in the Si band gap and also contribute to the

ultimate breakdown of the oxide, reduction of these states would lead to improvement in

the Si-Si02 interface and also the extension of ultimate life time of the oxide.

1.1.2.1 Reduced Interface Trap Density by H2 Passivation. It has been found that

hydrogen contributes to the passivation of the dangling bond orbital [8, 14]. Intense

research had been carried out and the passivation effect of the hydrogen at the interface

of Si-Si02. Hydrogen is introduced during several device-processing steps, for example,



during the annealing of the wafers at elevated temperature in hydrogen ambient [15].

Low-temperature post metal anneals (350-450°C) in forming gas (10% H2) have been

successfully used in MOS fabrication technologies to passivate silicon dangling bonds

and consequently, to reduce Si/Si02 interface trap charge density [16]. Electron spin

resonance (ESR) measurements [7] performed in conjunction with deep-level transient

spectroscopy (DLTS) and C-V measurements have elucidated the role of hydrogen in this

passivation process [8,14] which is described as Pr + H2 -> PbH H, where PrH is the

passivated dangling bond.

The importance of hydrogen in the electrical degradation process for the Si/SiO2

system was demonstrated by Nicollian et al. [17] by using a series of experiments

performed on MOS capacitors. Nicollian et al. showed that there was a one-to-one

correspondence between the hydrogen lost (i.e., reduced activity) and negative charge

produced in a hydrated Si02 layer in the presence of electron currents. The n-MOSFET

threshold voltage and transconductance distributions on a wafer annealed in forming gas

(10% H2) showed significant improvement compared with an untreated wafer. These

measurements indicated that for the oxides grown on Si (111) the density of the interface

trap states in the middle of the forbidden gap decreases from 10 11 -10 12 cm2 eV1  to about

10 10 cm -2 eV-l after post metal anneal process step. The Si (100) material system, which

is technologically more significant, exhibits the same qualitative behavior.

1.1.2.2 Hot Electron Effect. In a MOS transistor when electron travels from the source

to the drain along the channel, it gains kinetic energy at the expense of electrostatic

potential energy in the pinch-off region, and becomes a "hot" electron. Some of these

injected hot electrons can go through the gate oxide and be collected as gate current
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thereby reducing the input impedance. Some of these electrons can be trapped in the gate

oxide as fixed oxide charges. This increases the Hatband voltage and therefore the

threshold voltage. These energetic hot carriers can also break Si-H bonds that exist at the

Si-Si02 interface, creating fast interface states that degrade MOSFET parameters such as

transconductance and the subthreshold slope. The result of hot carrier degradation is an

increase of threshold voltage and decrease of transconductance of MOS transistor.

It has been suggested that the generation of the interface trap states is due to hot

carrier stimulated hydrogen desorption and depassivation of the silicon dangling bonds

[18]. The existence of degradation, at low voltages, indicates multiple vibrational

excitation mechanism of H desorption at the Si/SiO2 interface and a dependence of

desorption mechanism on both voltage (electric field) and current density.

Hot carrier reliability concerns are further exacerbated by ongoing scaling efforts

and complexity in device processing. The time-dependent degradation of metal oxide

semiconductor transistor performance resulting from hot (energetic) electron effects has

been an area of considerable study over the past 25 years. According to the established

theory, this aging process is thought to occur in part as the result of hot electrons

stimulating desorption of hydrogen from the Si-SiO2 interface region [19,20].

1.1.2.3 Replacement of Hydrogen by Deuterium. By passivating defects at the

siliconlsilicon dioxide interface with deuterium instead of hydrogen, Lyding et al. [16-

23] found the hot-electron degradation of metal—oxide—semiconductor (MOS) transistors

was spectacularly reduced by factors of 10-50. The giant isotope effect implied that

deuterium (D) depassivation is substantially slower than hydrogen (H) depassivation.

The idea of using deuterium instead of hydrogen was inspired by experiments in which a



scanning tunneling microscope was used to stimulate the desorption of hydrogen from Si

(100) surfaces under ultrahigh vacuum (UHV) conditions [22-24]. From these

experiments it was discovered that it is much more difficult to remove deuterium than to

desorb hydrogen. The activation energies for desorption of hydrogen and deuterium are

1.94eV and 2.5eV, respectively. The D desorption yield was 50 times lower than that of

H from scanning tunneling microscope (STM) measurements [24-27]. Since the

chemistry of deuterium and hydrogen is virtually identical, either atom is equally suitable

for passivating the dangling bonds at interfaces. Hot electrons, or nonradiative electron—

hole recombination following illumination, can excite a Si—H bond to a highly excited

vibrational state [28]. If the highly excited Si—H oscillation can be sustained, the H can

be emitted over the barrier to a mobile transport state, leaving behind a silicon-dangling

bond. Deuterium bonds are more difficult to break compared to the hydrogen due to the

heavier isotope effect [22, 23].

1.2 Motivation

The effects of passivation with deuterium in thin Si0 2  films [20] and in CMOS devices

[29] were studied in the past. Even though there was noticeable improvement observed

in hot carrier lifetime, the devices were unstable and returned to initial unpassivated

condition when the samples are subjected to further processing [30]. Also, when CMOS

technologies incorporate multiple metal and dielectric layers, the improvement due to

deuterium diffusion was reduced further [31]. In addition, undoped polycrystalline

silicon [32] and SiN, used as a sidewall spacer, limit the transport of deuterium to the Si—

Si02 interface during annealing by serving as a diffusion barrier for deuterium [33]. In
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some processes, these limitations were overcome by extended time and increased

temperature anneals at higher deuterium concentration [34] but these anneals had

detrimental effects on the long-term device performance requiring exploration of

possible alternative methods for deuterium incorporation at the Si—SiO2 interface.

To overcome these problems, this research investigates ion implantation before

the growth of gate oxides as an alternate technique for incorporation of deuterium to

obtain effective passivation of the interface states. This approach may also streamline

process integration and reduce cycle time.

1.3 Objective

The objective of this work is to investigate the incorporation of deuterium ions at the

semiconductor-oxide interface in MOS device using the technique of ion implantation

before the growth of the gate oxide. Ion implantation of deuterium in bare silicon and

silicon oxide systems has been studied by Park and Helms [37]. In the same study while

evaluating the effect of annealing on the distribution of deuterium, it was shown that the

release of deuterium from bare silicon is possible at 600 °C whereas deuterium could

diffuse out completely from Si—Si02 system at 900 °C. It is therefore, important to

investigate oxidelinterface quality when the oxide was grown on deuterium-implanted

silicon substrate. Selection of the appropriate ion implantation conditions is critical. If

not selected appropriately, implantation can cause irreparable substrate damage and

thereby deteriorate device performance. Electrical characterization of MOS devices on

deuterium implanted Si substrate has been carried out by earlier work [38]. The purpose

of this study is to (i) optimize the implantation conditions to effectively passivate the Si-
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Si02 interface with minimum damage; (ii) to investigate the effect of diffusion of the

implanted ions at high processing temperatures and their corresponding effect at the

interface and (iii) to compare the reliability of SiO 2 on deuterium and hydrogen

implanted silicon substrates. The additional objective is to confirm the isotope effect i.e.

the difference between the effect of hydrogen and deuterium implantation.

To realize these objectives wares of (100) Si were implanted with Deuterium and

been simulated using Stopping Range of Ions in Matter (SRIM). The physical

characterization to detect the presence and retention of deuterium has been conducted

using the Secondary Ion Mass Spectroscopy (SIMS).

The electrical characterization techniques involved the high frequency (HF) CV

measurements and the quasistatic C-V techniques in order to evaluate the density of the

interface states. In order to evaluate the device characteristics under stress conditions the

devices were exposed to voltage stress and the interface state and the SILC measurements

have been conducted to study the effect of stress. The TDDB (Time Dependent

Dielectric Breakdown) measurements were conducted and the break down characteristics

of the implanted samples at various conditions has also been investigated.

1.4 Dissertation Organization

Chapter 2 discusses the overview of the present status of the techniques involved in

deuterium passivation. Techniques described in this chapter for deuterium incorporation

involves the discussion of deuterium annealing, growth of gate oxide in presence of D20
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atmosphere, annealing in NDb atmosphere, deuterium pyrogenic oxidation and deuterated

poly-Si deposition, deuterium prebake and post oxidation anneal and hydrogen

implantation.

The steps involved in the fabrication of MOS capacitors are outlined in Chapter 3.

Also described in this chapter is the setup of electrical characterization, conducted to test

the interface passivation and reliability of the fabricated deuterium and hydrogen

implanted MOS devices.

Chapter 4 discusses the simulation results carried out using Stopping Range of

Ions in Matter (SRIM) to obtain an initial estimate of the implantation depth and damage

distribution within the Si substrate for various cases of deuterium and hydrogen

implantation. The physical characterization technique conducted using Secondary Ion

Mass Spectroscopy (SIMS) to detect the presence and retention of deuterium is also

described in this chapter.

Passivation of the dangling bonds at the Si-SiO2 interface can be evaluated by

estimating interface state density, Diet. Chapter 5 discusses the experimental results and

the derived interface state density from high frequency-low frequency (HF-LF) C-V

method for all conditions of deuterium and hydrogen implantation. This chapter also

describes the estimate of the deuterium diffusivity obtained in the silicon substrate during

oxidation both from the electrical and physical characterization results. Also described in

this chapter is the effect of interface state density on further annealing of the samples at

higher temperatures in nitrogen atmosphere.

Chapter 6 discusses the reliability study conducted for the MOS devices with

deuterium implantation. Also discussed in this chapter is the detailed analysis of the
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isotope effect. Leakage current measurements and reliability study of the annealed

samples has also been discussed in this chapter.

Chapter 7 describes the conclusions of this research. Also described in this

chapter are the proposed suggestions for future work.



CHAPTER 2

DEUTERIUM PASSIVATION: CURRENT STATUS

2.1 Deuterium Annealing

Hydrogen is known to passivate the silicon dangling bonds at the interface. Hydrogen

incorporation during several device-processing steps was found to improve the device

function but it sets stage for subsequent hot electron degradation [23, 39]. The time

dependent degradation in MOS transistors has been known to occur as a result of the hot

electrons stimulating the desorption of hydrogen from the Si0 2 interface region.

Threshold voltage instability and channel tranconductance degradation have been

observed in MOS transistors because of hot carriers generated by source-drain electric

filed [40, 41].

In a complementary study, the characteristics of deuterium passivation as a

function of thermal annealing were examined in thin Si0 2 films [20] for CMOS devices

[29]. Transistors annealed in deuterium atmosphere have been found to yield better

results compared to the hydrogen counterpart due to a lower sensitivity of Si-H bond to

hot electron effect. Improvement in the lifetime and reduced variation in threshold

voltage were also observed. This isotope effect has been found to improve the transistor

lifetime by factors of 10-50 as shown in Figure (2.1). Deuterium incorporation has been

carried out at various processing steps of the device. After the first steps of metal

processing, uncapped wafers as well as wafers capped with SiN were subjected to

deuterium anneal process. Smaller improvements were observed under circumstance of

large background hydrogen concentration or reduced deuterium diffusion (nitride

spacers) [23]. The noticeable improvement in hot carrier lifetime in deuterium-annealed

10
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samples however could be unstable and relaxed when the samples are subjected to further

processing [30]. Also, when CMOS technologies incorporate multiple metal and

dielectric layers, the improvement due to deuterium sintering was reduced further [31].

In addition, undoped polycrystalline silicon [32] and SiN, used as a sidewall spacer,

could limit the transportation of deuterium to the Si-5i02 interface during annealing by

serving as a diffusion barrier for deuterium [33]. In some processes, these limitations

were overcome by extended time and temperature anneals at higher deuterium

concentration [34] but cycle time associated with extended anneals had detrimental

effects at higher temperatures on the long-term metal properties, requiring to explore

possible alternatives for deuterium incorporation at the Si-5i02 interface.

Figure 2.1 Hot electron degradation Vs substrate current- Improvement in the transistor
Lifetime in case of deuterium compared to hydrogen annealing.
Source: [42]



12

2.2 High Pressure Deuterium Annealing

As discussed earlier, metal layers and nitride sidewall spacers were found to be a

diffusion barrier for the incorporation of deuterium during deuterium annealing.

Increased deuterium incorporation and greater hot carrier lifetime, using high pressure

deuterium annealing was detected in comparison to deuterium annealing at atmospheric

pressure [43]. The MOS devices were typically subjected to sintering at 450 °C at

pressures (2 and 6 atmospheres). The annealing time was varied from 10 minutes to 3

hours. With higher-pressure processing, shorter annealing times were found to achieve

the same magnitude of improvement and also higher pressure increased the incorporation

of deuterium at the interface. Annealing condition at 6 atmospheres and 3 hours yielded

the best improvement in the transistor hot carrier lifetime. With increased pressure, an

improvement of the fully processed wafers with (four metal layers) with nitride sidewall

spacers and SiON cap layers has been observed. Results demonstrated improvement in

the transistor lifetime in comparison to ambient pressure anneals. High pressure

processing was found to be effective and also the annealing time considerably reduced

[43].

2.3 Oxidation in D20 Atmosphere

An investigation of gate oxidation process to incorporate deuterium at the SilSiO2

interface using D20 as an oxidizing gas was carried out [41]. This process showed an

improvement of the interface. Electrical characteristics yielded less interface state

generation, less electron trapping, lower SILC, and very large charge to breakdown under

constant current stress conditions. Figure 2.2 shows the effect of constant current stress
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(CCS) on the quasistatic capacitance versus voltage plots for the MOS devices where

oxides grown by D 20 and H20 are compared. The initial C-V curves obtained for both

the samples were same but the D20 grown oxide showed fewer interface states under the

same electrical stress conditions. The increase in the low frequency capacitance and

distortions shown in Figure 2.2 indicate the generation of interface states (Discussed in

Section 3.3.1). Reduction in gate voltage indicates an improvement in quality [44].

Figure 2.2 Quasistatic curves for D20 and H20 grown oxides both before stress and after
+1Clcm2 stress. Compared to control oxide the distortion of the C-V curve after electrical
stress was less for oxides grown in D20 ambient.
Source: [44]
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2.4 Post ODidation Annealing in ND 3 Atmosphere

To incorporate both N2 and D2 at the interface, post oxidation annealing was carried out

in ND b atmosphere. N2 is known to relieve stress at the interface [45]. Nitridation in a

NDb ambient was performed at 800 °C for 20 min. Gate oxides, which had been

annealed in a NDb ambient, exhibited less charge trapping, less generation of interface

states, and a larger charge to breakdown under electrical stress. The fact that Si—D bonds

are more difficult to break than Si—H bonds due to the heavy mass of deuterium,

explained the improvement in the gate oxide annealed in ND b . Figure 2.3 shows the gate

voltage shift under stress for ND b and NHb annealed samples. Compared to the NDb

annealed samples the NHb cases exhibit more voltage shift indicating more trapping of

the electrons in the oxide (Section 3.3.1).

Figure 2.3 Gate Voltage shift under constant current (Jg= +10mAlcm 2) stress for both
samples. The gate voltage shift under constant stress is due to trapping of electrons in the
oxide. Compared to NH b annealing, the MOS capacitors with an oxide annealed in a ND b

ambient exhibited less electron trapping.
Source: [45]
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2.5 Deuterium Pyrogenic Oxidation and Deuterated Poly-Si Deposition

The effect of deuterium incorporation by deuterium pyrogenic oxidation and deuterated

poly-Si deposition on stress-induced leakage current (SILC) under Fowler—Nordheim (

FAN) electron injection was reported [46]. Deuterium seems to be introduced during the

growth of the gate oxide. A deuterated Poly-Si film deposited by deuterated monosilane

(SiD4) gas was also utilized as a gate electrode. It was observed that the stress induced

leakage current is significantly reduced by deuterium pyrogenic oxidation and deuterated

Poly-Si deposition compared to deuterium annealing (Figure. 2.4).

Figure 2.4 Stress-induced leakage current (SILC) of F-N stress as a function of electron
fluence (Qinj). Suppressed SILC is shown by deuterium pyrogenic oxidation under F-N
electron injection, although SILC is not improved by the deuterium annealing.
Source: [46]
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2.6 Surface Treatment

In order to incorporate deuterium ions at the interface a process involving deuterium

prebake and deuterium post oxidation anneal was used. Using this technique, the

deuterium ions were found to be distributed at the Si-Si02 interface and also in the bulk

oxide. The isotope effects on constant voltage stress and Diet were observed for the

deuterium treated MOS device. Figure 2.5 shows the gate current versus stress time for

both hydrogen and deuterium treated devices. The variation in leakage current before and

after stress for both hydrogen and deuterium treated devices is shown in the inset, which

shows a suppressed SILC for the deuterium case [47].

Figure 2.5 Gate current
constant voltage stress
before and after stress.
Source: [47]

versus stress time plot of H2 and D2 treated NMOS diodes under
with -3V. The insets are the I-V characteristics of the devices
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2.7 Hydrogen Implantation

The slow diffusion of hydrogen in Si02 and the also the retardation of the diffusion

through polysilicon has been demonstrated in the study of TFT [48]. In order to

overcome this, a technique involving incorporation of the hydrogen atoms at the interface

using ion implantation after the gate oxide was grown has been presented. Implantation

carried out at two different energies 70keV and l28keV at a dose of 3.0e14cm2 were

performed after gate oxide growth and forming gas anneal performed after first level

metal interconnect. An incomplete removal of the interface states was observed with the

hydrogen annealing alone, which, yielded an improvement with the implantation.



CHAPTER 3

DEVICE FABRICATION AND EXPERIMENTAL PROCEDURE

3.1 Device Fabrication

Device fabrication has been carried out in the clean room at the NJIT Microfabrication

Center, which is a l200-sq.-ft, and class 10-clean room. It is equipped with the following

tools for processing our devices on 5 inch diameter wafers. The equipment includes:

Wafer Inspection - microscope, Dektak profile meter, Nanometrics optical line width,

Wet chemical station Ultratek masklwafer scrub, Semitool spinlrinse dryers, Nanometrics

FTM, Inspection microscope, MTI Coat and develop system, Drytek reactive ion etching

system, Varian sputtering system, BTU diffusion furnace, BTU LPCVD furnace, MDA

toxic gas monitors, Tubewash station, MG Industries gas cabinets.

3.2 Process Flow for MOS Capacitor Fabrication

A detailed description of the individual process steps is presented below in Section 3.2.1

through 3.2.8. Figure 3.1 (a) through 3.1(h) describes the various steps. The following

describe the outline for the fabrication of capacitors.

18



Figure 3.1 Fabrication of MOS capacitor (a) Starting- Silicon wafer (b) Deposition of
denuding oxide and cleaning (c) Ion implantation according to conditions in Table (1) at
Core systems (d) Stripping of sacrificial oxide (e) Deposition of gate oxide (65 A) and
annealing (f) Deposition of Aluminum (g) Photolithography to pattern Al (h) Stripping of
photo resist and back side Al deposition.



3.2.1 Starting Materials

The starting material for the process was p-type (boron doped), <100> oriented CMOS

grade silicon wafers, with a resistivity of 0.8-1.20 Q-cm as shown in (Figure 3.1(a)).

3.2.2 Cleaning

Impurities can degrade the performance of circuits or even cause failure. Hence for high

yield and device reliability, it becomes imperative to eliminate all possible sources of

contamination. Surface cleaning is especially important prior to high temperature

processes because impurities react and diffuse at much higher rates at elevated

temperatures. The most commonly used wet chemical cleaning technology is based on

hot alkaline or acidic peroxide (H202) solutions. These are used to remove chemically

bonded films from the wafer surface prior to critical steps. P-clean, H2SO4 (75%) and

H202 (25%), an aqueous alkaline solution that removes organic films, while m-pyrol

(methyl pyrolidine) is an acidic mixture used to remove metallic contaminants. The

processing temperature is maintained at 80 °C.

3.2.3 Sacrificial ODide Growth

Wet oxide of thickness 200A was grown at 850°C with a flow rate of 3.5SLM oxygen

and 53OSCCM H20 flow (bubbler) (Figure 3 . 1 (b)).

3.2.4 Ion Implantation

Ion Implantation was carried out at room temperature with an inclination angle of 7° at

CORE SYSTEMS. This was done to avoid the channeling effect on the wafers. Table (1)

shows the implantation conditions. To optimize the implantation conditions for interface

passivation of various MOS capacitors, implanted energies starting from l5keV to l5keV
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with different implantation doses were used to implant deuterium into 5-inch p-type Si

wafers. Hydrogen was also implanted at 25keV and 25keV. Table 3.1 summarizes the

implantation conditions and the group names. The implantation was carried out after

sacrificial oxide growth to prevent the direct exposure wafer surface to minimize damage.

The wafer without any implantation was used as a control wafer (Figure 3.1(c)).

3.2.5 Gate ODide Growth

The actual thin gate oxide was grown by dry oxidation technique. The thickness tried to

obtain was 6.5nm. The temperature and time for the oxidation was 800 °C for 20 min.

(Figure 3.1(e)). The conditions maintained for the gate oxidation were as shown in

Table 3.2.



Table 3.2 Gate Oxide Growth Conditions
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Flow Chart Showing the Oxide Deposition

P-clean, 2:1 H2S04: H2O2110°C, 10minutes Rinse Hot DI Water, 20 minutes--*

Rinse Cold DI Water 2 minutes ---■ Spin Dry —* Furnace Pre-clean 250:1 H20: HF

1 minute 	 Rinse Cold DI Water 20 minutes—* Spin Dry 	 Thermal Oxidation.

3.2.6 Annealing

The wafers were annealed in N2 atmosphere at 600°C, 700°C for 20 min.

3.2.7 Metal Deposition

After having undergone the various conditions of annealing the wafers were deposited

with metal (Al) using sputtering technique (Figure 3.1(f)).

3.2.8 Photolithography

Photolithography was conducted to produce devices with diameters 250um 200um,

250um, 220um, 30Kum, 200um, and 200um.
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3.3 Electrical Characterization

Passivation of dangling bonds at the SilSi02 interface by implanted deuterium can be

evaluated by estimating interface state density, Di et. The Low frequency or the quasistatic

capacitance-voltage (C-V) technique is the common interface trapped charge

measurement method. The Low frequency method at 20 Hz was used. The method of

obtaining was the Low frequency-High frequency method (LF-HF) method. HF

measurements were carried out at 1Mz.

3.3.1 High Frequency and Low Frequency C-V Measurements

The high frequency (HF) and low frequency (LF) measurements were carried out using

HP 2282. C-V measurements were carried out by measuring at least 10 devices per

device type. The HF measurements were carried out at 1Mz and the LF at 20Hz.The

devices were probed using cascade microtech probe station. From the low frequency

curve and the high frequency curve information of the interface state density can be

obtained. Using (C-V) techniques interface states or "fast states" can be detected as a

stretch out of the high frequency C-V curve of a MOS capacitor or a distortion in the LF

C-V curve [29]. Oxide charge on the other hand causes a rigid shift along the voltage

axis of the high frequency CV curve, and is detected as a change in the flat band voltage

of the device [20]. A shift in the HF curve towards the ideal flat band voltage indicates

annealing effect due to reduction of oxide charges, which includes the interface charge,

oxide trapped charge, fixed oxide charge and mobile ionic charge.
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3.3.1.1 Computation of Interface State Density. The Interface state density Diet was

computed by [20].

Where Co, is the accumulation gate capacitance, CLF is the low frequency

capacitance measured at 20Hz and CHF is the high frequency capacitance measured at 1

MHz. Interface trap level density is obtained as a function of the gate bias where the

silicon band gap is scanned by varying the surface potential Os , which is modified by

changing the gate bias. The relationship between gate voltage and the surface potential is

given by

The integrand is obtained by integrating the measured CLF lC ox versus VG curve

with VGI and VG2 arbitrarily chosen since integration constant is unknown. However

integrating from VG= VFB makes A=0 which gives

The energy level in the silicon band gap where the interface trap is located is given by

Where ET is the energy level of the interface trap, Eve is the valence band energy, Eg is

the band gap, Os is the surface potential and 0, is the bulk potential.
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3.3.2 Stress Measurement

Ultra thin gate oxides in MOS devices when subjected to high filed stress during device

operation are known to degrade the oxide quality and eventually lead to oxide

breakdown. Charge trapping in the oxide has been used to monitor the degradation of the

oxide [21]. In order to study the isotope effect H2 and D2 implanted devices were studied

under a constant voltage stress (CVS). HP2126 was used to give a CVS.

The initial characteristics of the device-leakage current and the high frequency

(HF) and low frequency (LF) C-V measurements were conducted. Following this the

devices were stressed for a constant period of time (before the oxide breakdown) and then

again the leakage current and HF and LF C-V measurements were conducted to study the

effect of the stress at the interface of Si-SiO2 and the bulk of the oxide to compare the

effect of the stress given for the control case (no implantation), hydrogen implanted case

and the deuterium implanted case. The stress level was fixed at —2V and —6V.

Gate injection was chosen as it induces more damage at the SilSi02 interface

compared to the substrate injection [22]. The level was decided based on the initial IV

measurements, which indicated a breakdown voltage around —6V. The production of the

traps with the application of the stress was being monitored measuring the leakage

current after the stress was applied which is referred to as stress induced leakage current

(SILO). The interface state generation was computed using the HF-LF method and the

conductance method.

The investigation of the trap induced damage mechanism within the Si02 of the

hydrogenldeuterium implanted MOS capacitors was conducted by subjecting to a lower
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stress level at a constant voltage stress (gate negative) with a field of 9.2 MVlcm for 250

seconds.

3.3.3 TDDB (Time Dependent Dielectric Breakdown)

Dielectric breakdown in silicon oxide is described in terms of Time Dependent Dielectric

Breakdown. The breakdown is measured using either constant current or constant

voltage stress. A breakdown is detected when a permanent low resistance path is formed

between the cathode and the anode [23]. CVS was given in this case and the I-t

characteristics were monitored to obtain the time to breakdown.

The charge to breakdown (QBD) was computed using (2). QBD is defined as the

charge flowing through the oxide to break it down.

Where tBD is the time to break down and the Ig is the gate current. QBD was used

to as a comparison for the various implanted cases. The measurements were carried out

for l2 devices in each case to obtain the oxide breakdown statistics.

3.3.4 Conductance Measurements

The conductance measurements were carried out at various frequencies using HP2182.

The frequencies were 1 KHz, 100 KHz, 1 MHz. This was used to measure the interface

state density which was computed using equation (6) and (7) [22].



Where Gm is the conductance measured, C.„ is the accumulation capacitance, w is

the frequency, C m is the capacitance at the particular frequency and gate voltage.

3.3.5 Leakage Current

The measurement of the leakage current of the MOS devices was carried out using

semiconductor parameter analyzer HP2126.



CHAPTER 4

SIMULATION AND PHYSICAL CHARACTERIZATION

The energy and the dose that were used for implantation were computed using the initial

simulation results of SCRIM (Stopping Range of Ions In Matter) [62]. The energy of the

implanted ions was selected depending upon the projected range that was obtained from

the simulation results and also based on the earlier studies [37]. The energy of the

implantation chosen was

The dose of the ions was selected depending upon the concentration of dangling

bonds present at the surface. For standard oxidation temperatures (800-920 °C), the

naturally incorporated density of defect sites (Pr) at the interface is found to be ~ 2x 1 012

cm"2 [26]. For incorporation of the Deuterium / Hydrogen ions at the interface the

implantation doses were lx1013cm-2 (Dose-A), lx1014cm-2 (Dose-B), 5x1015cm-2 (Dose-

C). The upper limit of the dose was decided based on the extent of damage obtained

from the simulation results. Table 3.1 shows the implantation conditions. For 20keV,

22keV all the doses were chosen while for l5keV, 20keV, 22keV only two doses were

chosen for implantation - lx1014cm-2, 2x10 15cm"2 . This is based on the earlier studies

[37], which yielded the best result for the 22keV case, and also minimum deuterium ions

had been found in the case of l5keV and l5keV - thus only the higher doses were used to

see the effect at the interface.

28
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4.1 Simulation of Implanted Range

The simulations were carried out for both hydrogen implantation and deuterium

implantation. The data extracted from the simulations results were the implantation-

projected range and the implantation damage. The number of ions selected for the

simulation was 99999 for all cases. The projected range for various conditions for

hydrogen and deuterium is demonstrated in Figure 2.1 and Figure 2.2 respectively. Since

the implantation was carried out through the sacrificial oxide as discussed in Chapter-3

the Si02 film thickness is clearly identified in the respective figures. The X-axis shows

the target depth (urn) and the Y-axis has units of (atoms/cm 3 /atoms/cm2) which when

multiplied by the dose of the implanted ions yields the net concentration. The projected

range and straggle were calculated and provided in the respective figures. The hydrogen

implantation for l5, 20, 25, 20, 25keV are shown in Figure 2.1(a) through 2.1(e)

respectively.

The deuterium implantation results for l5, 20, 25, 20,35keV are shown in Figure

2.2(a) through 2.2(e), respectively.

Table 2.1 and Figure 2.3 summarize the projected range for the implanted ions for

all the cases for deuterium implantation. It is clearly observed that with the increase in

the energy of implantation the implantation depth and projected straggle increases [59].

Figure 2.2 summarizes the dose effect for energy of implantation 25keV, which shows

that the implantation-projected range remains same with the change in the dose of the

implantation, only the peak concentration of the ion changes. With the increase in the

dose of implantation, the peak concentration increases.
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Figure 2.5 shows the comparison of the projected range in hydrogen and

deuterium case is plotted as a function of implantation energy. It is observed that the

projected range of the deuterium ions are more compared to the hydrogen ions — this

happens due to the quantum mechanical nature of the electronic stopping power [27] and

also hydrogen ion being 1.2 times lighter, it diffuses at faster in silicon.



Figure 4.1 Hydrogen Implantation at various Energies (a) l5keV (b) 25keV
(c) 25keV (d) 30keV (e) 25keV.
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Figure 4.2 Deuterium Implantation at various Energies (a) 25keV (b) 20keV (c) 25keV
(d) 20keV (e) l5keV.
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Figure 4.3 Comparison of implanted profile for energies of implantation l5keV, 20keV,
l5keV, 30keg, 35keV simulated using SKIM for Deuterium. Shows increase in the
projected range and straggle with increase in energy.

Figure 4.4 SRIM deuterium implantation depth profiles for energies of implantation
l5keV for doses of implantation lx1014lcm2, lx10 14lcm2 , and lx1014lcm2. Shows
increase of peak concentration with increase in dose of implantation.



Table 4.1 Depth shown for various cases of Hydrogen and Deuterium Implantation
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Figure 4.5 Peak Depth as a function of energy for implantation of Hydrogen
and Deuterium implanted cases.

4.1.1 Peak Ion Concentration of Implanted Ions

The peak concentration of the implanted ions implanted in to the substrate has been

evaluated.

The Peak concentration, N has been calculated using [59]
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A Rp — is the projected straggle which is obtained from the simulation results, 4 - Dose
which is in atoms cm2

Table 4.2(a) Hydrogen Peak Concentration

Table 4.2(b) Deuterium Peak Concentration
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4.2 Damage Simulation

Implantation damage if not annealed completely, can degrade device reliability. The

implantation damage induced to the Si substrate has also been simulated. Figure 2.6(a)

through 2.6(e) shows the results of the hydrogen implantation for l5, 20, l5, 20, 25keV

cases respectively. The projection view is in the X-Y direction, X-axis being the depth

(urn). From the results, it was observed that the damage volume in the substrate increases

with the increase in the energy of the implantation. From the damage profile, information

about the number of Frenkel pairs, (Vacancy-Interstitial) which are produced is obtained.

Figure 2.6(a) through 2.6(e) shows the results of the deuterium implantation for l5, 20,

25, 20, 25keV cases, respectively. The trend remained the same for deuterium except the

depth and volume.



Figure 4.6 Hydrogen Ion Implantation at various Energies —Damage creation (a) 15keV
(b) 25keV (c) 25keV (d) 30keV (e) 35keV.



Figure 4.7 Deuterium Ion Implantation at various Energies —Damage creation (a) 15keV
(b) 25keV (c) l5keV (d) 15keV (e) 15keV.
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Figure 2.8 shows the summary of the damage induced in the substrate as a function of

various implantation energies for deuterium case is shown. The thickness of the

sacrificial oxide, 20nm is also shown in the figure. From the figure it is observed that the

point defects are created along the entire ion path, starting from the surface and extending

deep in to the bulk, with a yield, increasing with depth. The defect induced in the

substrate increases with energy of implantation. On the other hand near the interface, the

surface damage is found to decrease with the increase in the energy of implantation,

being more for l5keV case and less for 35keV. Figure 2.9 shows the damage induced to

the substrate with the variation in the dose of implantation for Dose-B and Dose-C cases.

The damage to the substrate and the interface increases with the increase in the dose of

implantation, being more for Dose-C compared to Dose-B.

The summary of the damage results plotted as a function of dose for various

energies of implantation is shown in Figure 2.10 and Figure 2.11 for hydrogen and

deuterium implanted cases, respectively. As a function of dose, the damage induced in to

the substrate is found to increase with the increase in the dose. Dose-C is shown to

produce the maximum damage in the substrate compared to Dose-A and Dose-B.

Comparison of the hydrogen and deuterium damage creation in the substrate has

been plotted in Figure 2.12. As shown, the damage produced immediately after the

implantation and before any annealing is almost identical for hydrogen and deuterium

implantation in case of Dose-B (1x1014cm-2) for both 20 and l5keV implantation energies

but significant difference in defect density due to implantation was observed for Dose-C

(1x1014cm-2), which was higher in case of deuterium compared to Hydrogen due to the

mass of deuterium being higher.



Figure 4.8 Defect densities for deuterium as a function of implantation energy
for 15keV, 20keV, l5keV, 330keV, l5keV for implantation dose of 1x1014lcm2 .
Shown defect density increases rapidly with increase in the energy and dose of
implantation.
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Figure 4.9 Defect density for deuterium as a function of implantation dose, for
Dose-B (1x10 14

lcm
2) and Dose-C (1x10 14 lcm2) for 15keV energy of

implantation. Shown defect density increases rapidly with increase in the dose of
implantation.
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Figure 4.12 SRIM simulation shows the damage creation immediately after the
implantation and before any annealing, which is almost identical for hydrogen
and deuterium implantation in case of Dose-B (1x10 14cm-2 ) for both 20 and 25
keV implantation energies but significant difference in defect density due to
implantation was observed for Dose-C (1x1015cm-2).
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4.3 Physical Characterization

Physical characterization was conducted using the technique of secondary ion mass

spectroscopy (SIMS) [62]. The deuterium depth profiles immediately after implantation

(as-implanted case) and also after the wafers underwent gate oxidation. SIMS

measurement was done at the Advanced Materials Processing and Analysis center —

University of Central Florida [63]. Dynamic SIMS sputter-depth-profiling analyses were

carried out on a PHI Adept 1010 Dynamic SIMS System using Cs + (3kV) as the primary

ion beam Cesium ion (Cs+) bombardment with a current of 75nA.

SIMS profiling to study the depth distribution of the as-implanted samples were

conducted for the implantation cases D25B and D25B. Figure.2.13 Show the obtained

depth profiles. The depth profiles using SIMS were 325nm and 390nm for D25B and

D25B respectively. A peak concentration of 6.16x1018/cm3 and 5.96x10 18/cm3 has been

obtained for 25keV and 25keV case respectively. Comparing the obtained results with

SRIM simulation results, Figure 2.12 it is observed that the similar peak concentration is

obtained. The peak implantation depth obtained from SCRIM is 297nm and 252nm for

D20B and D25B, respectively. The difference in the shift of the peak obtained is on

account of the effect of channeling, which is not taken in to consideration in SCRIM

models to evaluate concentration profiles [62].

The characterization for the hydrogen-implanted case was not conducted, as the

detection limit of the PHI Adept 1010 Dynamic SIMS System was 6.16x1 018/cm3 for

hydrogen, which was comparable to the expected peak concentration. The incorporation

and detection of deuterium after oxidation was carried out for samples D2OB, D20C,
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D25B, and D35C. The selection of the samples was carried out based on the initial pit

results as discussed in Section 5.1, which yielded the best interface passivation for D20B.

D20C was chosen to study and compare the dose effect whereas D25B and D35C were

chosen to study the effect of energy in the incorporation process and diffusion of

deuterium ions from the silicon substrate towards the Si-Si02 interface.

Figure 2.15 shows the measured SIMS profiles in Si02 films obtained by SIMS

after the wafers underwent gate oxidation up to depth of 9nm. The concentration profiles

have been shown for implantation condition-

[t is observed that the deuterium incorporation

after diffusion is obtained not only at the SilSi02 interface but also in the entire Si02 film

with a peak concentration being obtained within the Si0 2 near to the interface of SilSi02.

It is observed that, for all the samples after having undergone the gate oxidation

the concentration in the silicon substrate reduces to the background level and the

concentration profile itself shows a large shift (about 200nm) with a peak obtained within

the oxide near the SilSi02 interface at a depth of 5nm. Comparing the peak concentration

for the 20keVand 25keV case with the as implanted case in Figure 2.12 it is observed

that, concentration reduces from

and l5keV cases of implantation, respectively. During

oxidation deuterium diffuses either to the bulk or to the surface. The shift in the

concentration profile obtained after oxidation indicates the driving force of the implanted

ions diffusing towards the surface owing to the chemical potential difference between

Si02 and Si [37], which being lower in Si02 compared to Si drives the diffusion of the

implanted deuterium from the silicon substrate to the silicon oxide. The pile up of



45

deuterium atoms towards the oxide and silicon interface during oxidation results from the

low activation energy for diffusion in Si02 compared to silicon [65]. The activation

energy for the diffusion of deuterium is found to be 1.53eV and 1.9eV in silicon and

silicon dioxide respectively [66]. In addition, the grain boundaries and dislocations are

also to know to act as trapping sites for the diffusion of deuterium ions [67]. Note that,

the interface concentration of deuterium is much higher than the ground level observed in

the silicon substrate.

In case of deuterium-annealed oxide, the deuterium atoms exist mainly at the

SilSi02 interface, whereas using the technique of ion implantation the deuterium atoms

are contained in the entire Si02 film as shown in Figure 2.16. From the obtained result, it

is also evident that the diffused deuterium atoms are not only incorporated at the SilSi02

interface reacting with the interface dangling bonds to form Si-D bonds, but also form Sib-

D bonds in the bulk Si02, which has also been observed in deuterium pyrogenic oxide

growth [68].

concentration in D35C was observed compared to other case reflects the contribution

from the higher dose of implantation. For the implantations conditions at 20keV and

l5keV, the depth being shallower than for higher energy (35keV) have governed the out

diffusion of some ions leading to a reduced concentration within the oxide.
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It is therefore, inferred from the obtained profile that most of the deuterium atoms

implanted in to the silicon substrate diffuse towards the Si02 and takes part in the

formation of Si-OD bonds during oxidation and passivation of the dangling bonds at the

interface.

Figure 4.13 Deuterium depth profiles generated by secondary ion mass spectroscopy
(SIMS) of the as implanted wafers for energies of implantation 20keV and l5keV for
Dose-B (1x1015lcm2).



Depth (nm)

Figure 4.14 Comparison of Deuterium depth profiles from secondary ion mass
spectroscopy (SIMS) and Stopping range of ions in matter (SRIM) of the as implanted
wafers for energies of implantation 20keV and l5keV.
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Figure 4.16 Schematic diagram of deuterium incorporation in (a) Deuterium annealed
gate oxide where the incorporation of deuterium ions only at the interface of Si-Si02 (b)
Deuterium implanted gate oxide, deuterium ions exist both at the Si-Si02 interface and
bulk Si02.

4.4 Summary

This chapter involves the discussion of the obtained simulations results using Stopping

Range of Ions in Matter (SRIM) and the physical characterization results measured using

Secondary Ion Mass Spectroscopy (SIMS). The simulation has been carried out to obtain

the peak implantation depth, concentration and damage of the implanted ions in the

silicon substrate.

SIMS profile was carried out for the as implanted (immediately after

implantation) and also for the samples after they underwent gate oxidation. As—

implanted profiles yielded similar results to that obtained from the simulation. The

profiles obtained after gate oxidation showed deuterium retention and incorporation both

at the interface and the bulk oxide with a peak obtained in Si02 near the SilSi02

interface. Thus it is inferred that, using the technique of implantation the incorporation of

the deuterium ions not only take place at the interface but also the bulk oxide.



CHAPTER 5

RESULTS AND DISCUSSIONS- INTERFACE PASSIVATION

This chapter discusses the electrical characterization to compute the interface state

density of the as fabricated devices in Section 3.2, to study the deuterium and hydrogen

passivation effect at the interface. It is known that passivation of dangling bonds at the

interface can be evaluated by estimating the interface charge density (Di et). Therefore, in

order to investigate the passivation effect of the implanted deuterium and hydrogen ions

Diet has been computed. From Table 3.1 it is seen that the deuterium implantation was

carried out at energies l5, 20, 25, 20, 25keV for Dose-B (1 x 20 14/ cm2) and Dose-C (1 x

Dose-A has been implemented only for 20,

l5keV. The choice of the implantation condition has been discussed in Chapter 2. From

the earlier results [38] it was observed that deuterium at 25keV yielded the best results.

This lead to the implantation of hydrogen at two energies at 20, l5keV for Dose-B and

Dose-C to investigate the isotope effect in depth at these conditions and compared with

deuterium implantation. The samples were further subjected to higher annealing

conditions and the Diet has been studied to understand the effect of the deuterium ions in

the oxide-interface and the substrate and also investigate the implantation induced

damage effect.
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5.1 Interface State Density Computation

Diet, has been computed using the low frequency and high frequency C-V technique, as

discussed in Section 3.3.1. The following sections discuss the passivation study for

various cases of deuterium implantation, hydrogen implantation, and a comparison of

deuterium and hydrogen cases.

5.1.1 Deuterium Implantation

The high frequency, low frequency C-V curves and the derived Di et for the various

implantation energies (15, 20, l5, 20, 35Kev) are shown in Figure 5.1 through Figure 5.5

respectively. Table 3.1 shows the implantation conditions. Figure 5.1(a) and (b) shows

the HF-LF C-V characteristics and the a t distribution in the silicon band gap respectively

for the implantation condition D15B

along with the control device. The HF C-V curves

sows a shift in the flat band voltage closer to the ideal flat band for D15B compared to

the control device, indicating a reduction of net oxide charge, which includes the trapped

oxide charge, fixed oxide charge and interface charge. The net oxide charge is computed

from the shift in the flat band voltage. The net oxide charge obtained for the control case

for D15B and DISC cases

respectively. The significant reduction in the oxide trap charges in case of D15B

indicates an improvement in the oxide quality, which is observed due to the deuterium

ions passivating the defects in the bulk oxide [50]. From the Diet distribution graph

(Figure 5.1 (b)) it is observed that Dose-C leads to similar passivation characteristics as

the control case, however a decrease in Diet is obtained for Dose-B.



Figure 5.1 1 5keV Deuterium Implanted case for Dose-B (1x1 0 I4/ cm2) and Dose-C
(1x1 0 I5/ cm2) (a) LF-HF C-V curves (b) Energy levels of the interface states (D 1 ) at the
Si02 interface in the silicon band gap for devices with implantation energy 1 5keV for
deuterium implanted devices. The control device plotted for comparison.
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The depth at which concentration peak occurs was obtained form initial Stopping and

Range of Ions in Matter (SCRIM) simulation results as shown in Table 2.1(a). Devices

implanted at l5keV, the implantation depth were shallow and the out diffusion of the ions

during oxidation has lead to the reduced interface passivation. The increase in the value

of interface states for DISC compared to D25B is due to the implantation induced

damage effect which is higher in Dose-C (Figure 2.9), the effect of which is also noticed

with an increase in the net oxide charge in DISC case of implantation.

The HF-LF C-V measurements and the Diet distribution in the silicon bandgap for the

1 x10 14/ cm2) and D2OC (deuterium 20keV, x10 15/ cm2) along with the control device

are shown in Figure 5.2(a) and Figure 5.2 (b) respectively. The bulk oxide trapped

the control, D2OA D20B and D20C cases respectively. This suggests a marked

improvement in the bulk oxide charges and interface state density for D20B. From the

LF plots a reduced distortion is observed for the implanted cases compared to the control

case indicating a reduction of the interface traps, which is clearly reflected in the Diet

distribution graph in Figure 5.2 (b). An enhanced passivtaion is obtained for D2OB and

D2OC compared to D20A with a minimum value of Diet obtained for D20B.

Minimum Diet and oxide charge obtained in case of D2OB indicates effective diffusion

and Si-D bond formation, suggesting presence of more deuterium ions during oxidation.

The incorporation of deuterium ions after oxidation as shown in Figure 4.15 show

considerably more number of deuterium ions present at the interface, which contributes

the improvement in passivation in D20B. In case of D2OA the ions have out diffused, the
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diffused, the peak concentration being less compared to Dose-B and Dose-C, for D2OC

the implantation damage was more evident as shown in Figure 2.11, suggesting a

degraded interface and oxide.

Similar results are observed for the 25keV case shown in Figure 5.3 indicating the

effect of the deuterium ions at the interface and the oxide. D2OB and D25B (deuterium

yielded lower Diet compared to the D2OC and D25C (deuterium

The value of Dit obtained is 1.2x 20 0 eV- I cm2  and 1.28x10 I° eV1

cm2  for the D20B and D25B. D20C shows an improvement in the Di et compared to

with deuterium-implantation at 20 keV with a dose of lx10 14lcm2 (Dose-C).

It was observed that from the distribution of Diet in silicon band gap (Figure.5.2

(b), 5.3(b)) for D2OB, D25A, D25B, Pr centers below the midgap are passivated. It

known that in (100) SilSi02 interface, contribution of Pik centers to Diet is through the

significant +10 and 0/- levels at approximately E, + 0.2 eV and E ve + 0.85 eV and the PM

centers to DA is through the significant +10 and 0/- levels at approximately E ve + 0.25 eV

and Eve + 0.8 eV [69]. In addition to passivation of the dangling bonds, incorporation and

bonding of deuterium to other defects in the structural transition region (including strain,

sub oxide states) near the interface are known and is discussed in detail in Section 5.3.1.
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Figure 5.2 20keV Deuterium Implanted case for Dose-A (1x10 I3/ cm2), Dose-B (1x10
14/ cm

2)) and Dose-C (1x10 I5/ cm2) (a) LF-HF C-V curves (b) Energy levels of the
interface states (D1) at the Si02 interface in the silicon band gap . The control device
plotted for comparison.
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Figure 5.3 25keV Deuterium Implanted case for Dose-A (1x1 0 13/ cm2), Dose-B (1x1 0
I4, cm

2) and Dose-C (1x1 0 15/ cm2) (a) LF-HF C-V Curves (b) Energy levels of the
interface states (D 1 ) at the Si02 interface in the silicon band gap . The control device
plotted for comparison.
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Figure 5.2 and Figure 5.5 shows the HF-LF and the Diet distribution curves for the

implantation condition D3OB (deuterium 35keV, 1x10 I4/ cm2), D3OC (deuterium 30keV,

I5/ cm2) cases respectively. The HF curves do not show any flatband voltage shift

indicating improvement in the oxide and the interface. This is reflected in the Diet

distribution graph, which shows not much improvement, compared to the control case for

both 30keg and 35keV. This effect can be attributed to the higher implanted range and

higher implantation damage for the above cases, as shown in Table 2.2. The increased

damage is also indicated in Figure 2.6. With the increase in the damage, the defect

centers act as a sink for the impurities; this inhibits the ions movement to the interface

during the oxide growth [51]. This is also reflected from the SIMS profile (Figure 2.15)

wherein a reduced concentration is obtained at the interface for D35C compared to D2OB,

which leads to a reduced passivation of the interface states in higher energies of

implantation.
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Figure 5.4 30keV Deuterium Implanted case for Dose-B (1x10 14/ cm2) and Dose-C
(1x10 15/ cm2) (a) LF-HF C-V curves (b) Energy levels of the interface states (D1) at the
Si02 interface in the silicon band gap. The control device plotted for comparison.
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Figure 5.5 35keV Deuterium Implanted case for Dose-B (1x10 I4/ cm2) and Dose-C
(1x10 I5/ cm2) (a) LF-HF C-V curves (b) Energy levels of the interface states (D1) at the
Si02 interface in the silicon band gap. The control device plotted for comparison.
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5.1.2 Comparison of Various Energies for Deuterium

Figure 5.6 shows the lowest value of midgap Di et for various cases of deuterium

implantation From the Diet distribution it is clearly evident that for control case interface

states is high with a value 1.2x10 II eV-I cm-2 . It is observed that Diet decreases initially

devices with implantation energies 30 and 35 keV, on the other hand, the interface states

were lower for Dose-C compared to Dose-B even though the overall Diet is much higher

compared to 20 and l5 keV.

Dose-A (1x10 I3lcm2) was only used for 20 and l5 keV implantation energies

where the devices show comparable results to that of Dose-B. The explanation to the

above can be given based on the implantation range, damage peak produced, the

interactions of the ions with the defects during the oxide growth, interstitials and

dislocations induced in the substrate during oxidation and the diffusion of the ions during

oxidation giving rise to the passivation of the dangling bonds.

For devices implanted at l5keV the implantation depth being shallow (Table 2.2),

have lead to the out diffusion of the ions after implantation and during oxide growth

showing similar passivation as the control case. The observed degradation in passivation
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of Dose-C compared to Dose-B could be accounted due to the dose governed damage

peak effect. Figure 2.11 shows the damage profile obtained. It is observed that with

increase in the dose the damage induced in the silicon substrate increases at a much

higher rate. The peak implantation damage being shallower in l5keV, and the defect

density being more in Dose-C compared to Dose-B induces more damage in the growing

oxide, which is reflected as an increase in the oxide charges and degraded interface

Figure 5.6 Interface state density Diet as a function of deuterium implantation energy at
different doses indicates that an optimal interface passivation is possible in the range of
20-25keV implantation energies with a dose of 1x10 15lcm2 (Dose-B).

Similar arguments are valid for 20 and l5keV deuterium-implanted devices where

Dose-B has shown better Diet values compared to Dose-C. However, the thermal budget

during oxide growth is such that optimal interface passivation was observed for devices

with deuterium implanted at 20keV with Dose-B. Observed from SRIM simulation

results (Figure 2.9) the vacancy created during implantation increase rapidly with



increase in dose, which has resulted in a degraded interface passivation in case of Dose-C

(1x10 15/cm2) compared to Dose-B (1x1014/cm2 ).

In case of 35keV and 35keV implantation cases even though the implantation

damage is relatively higher deuterium has to travel a longer distance to reach at the

interface. Figure 2.3 and Table 2.1 show the comparison of the implantation-projected

range for all cases of deuterium implantation. Since simultaneous annealing of defects

during oxide growth is expected the peak deuterium concentration immediately after

implantation will make a difference. It is believed the higher peak concentration of

deuterium and higher implantation straggle, as computed from SRIM simulation, shown

in Table 2.2, for devices implanted 35keV with Dose-C (1x10 15/cm2) has resulted in

better Diet values.

5.1.3 Hydrogen Implantation

Figure 5.7 and Figure 5.8 show the HF-LF and Dit distribution in the band gap for

hydrogen implantation case for 20keV and 25keV respectively. The LF plots for control

case show a comparatively high value of the capacitance and distortions compared to

both the hydrogen-implanted conditions indicating high interface states. Similar results

are observed for the l5keV case indicating the presence and passivation of hydrogen

atoms at the interface and in the oxide.

The Di t distribution graph clearly indicates Dose-B has lower value midgap Dit

compared to the Dose-C. This behavior can be attributed to defect creation during

implantation, which increases with dose, as also observed in case of deuterium

implantation.
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Figure 5.7 20keV hydrogen implanted case for Dose-B (1x10 I4/ cm) and Dose-C (1x10
I5/ cm) (a) LF —HF C-V curves (b) Energy levels of the interface states (DO at the Si02
interface in the silicon band gap. The control device plotted for comparison.
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Figure 5.8 l5keV Hydrogen Implanted case for Dose-B (1 x 10 I4lcm2) and Dose-C (1 x
20 I4lcm2) (a) LF-HF C-V curves (b) Energy levels of the interface states (D 1) at the
Si02 interface in the silicon band gap. The control device plotted for comparison.
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5.1.4 Hydrogen Versus Deuterium Implantation

The details of the passivation of the dangling bonds at the interface was evaluated for

both deuterium and hydrogen implantation for investigating for possible isotope effects.

The hydrogen implantation was carried out at energies of implantation 20keV and l5keV.

This was based on the initial simulation results as discussed in Chapter 2. All

experiments were performed with Dose-B (1x1014lcm2) and Dose-C (1x10 14lcm2) for

both the implantation energies for hydrogen and deuterium. The low frequency and high-

frequency C-V measurements for both hydrogen and deuterium implanted devices along

with Diet distributions are given in Figure 5.9 and Figure 5.10 for 25keV and 25keV

respectively. The C-V characteristic of the control sample has also plotted for reference.

From the LF curves obtained for the hydrogen and deuterium implanted cases,

Figure 5.9(a), (b) and Figure 5.10(a), (b) it is observed that the distortions obtained in the

curves is less and the capacitance obtained is found to be lower in the depletion region

compared to the control case, which suggests an improvement (Section 3.3.1) in the

interface for the implanted devices. The C-V characteristics suggest an identical

passivation behavior in both hydrogen and deuterium implanted cases. The improved

passivation for the implanted devices is seen in Figure 5.9(c), (d) and 5.10(c), (d). The

high frequency C-V characteristics show a shift closer to the ideal flat band for deuterium

and hydrogen implanted devices compared to control sample indicating the incorporation

of hydrogen and deuterium ions at the interface and in the bulk oxide. The retention and

incorporation of deuterium at the interface and the bulk SiO2 ions after gate oxidation can

be clearly observed from Figure 2.13.
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Out of all cases Dose-B is the most optimized implantation dose for both deuterium and

hydrogen that passivates the interface states.

By carefully comparing the interface state density Di t distribution in silicon

bandgap for both hydrogen and deuterium (Figure 5.9) and (Figure 5.10) it is noticed that

there is no significant difference in interface states for Dose-B but there is a difference

observed in Dose-C. But in both the cases the interface states are significantly lower

compared to control devices. But in case of Dose-C the Di t values for deuterium-

implanted device is higher than that of hydrogen-implanted device for 20keV but lower

for l5keV.

For 20keV, Dose-B, hydrogen-implanted devices the value of Di t is 1.2x 10 10 eV

-icm-2 and for deuterium implanted devices it is 1.1x 10 1° eV-I cm-2 and for Dose-C case

hydrogen-implanted devices the value of Di t is 2.5x 101° eV-1 cm2 and for deuterium-

implanted devices it is 7.2x 10 10 ev -1 cm2 . This behavior can be attributed to defect

creation during implantation, implantation depth and straggle and implanted ion

concentration. For l5keV, Dose-B, hydrogen-implanted devices the value of Di et is 1.28x

10 10 eV i cm-2 and for deuterium implanted devices it is 1.2x 10 10 eV-1 cm2 and for Dose-

C case hydrogen-implanted devices the value of Di et is 2.23x 10 10 eV-1 cm-2 and for

deuterium-implanted devices it is 1.9x 10 10 ev -1 cm2 .

As shown in Figure 2.8 the vacancy creation based on SRIM simulation

immediately after the implantation and before any annealing is almost identical for

hydrogen and deuterium implantation in case of Dose-B for both 20keV and 25keV

implantation energies. In case of Dose-C, significant difference in vacancy creation due

to implantation was observed for both the implantation energies. Because of the depth
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difference D20C devices showed worse Diet values (Figure 5.9(b)) compared to H20C

(hydrogen 25keV, 1x10 14/ cm2) whereas D25C (deuterium l5keV, 1x1015/ cm2) devices

showed better Diet values compared to H25C devices. For Dose-C and 25keV

implantation energy it is possible that the deuterium diffuses to the vacancies instead of

the interface and the implantation damage is not sufficiently annealed, but for hydrogen

case the damage produced is less and also the diffusing species can reach faster to the

interface. Figure 5.11 shows the comparison of the Diet for the hydrogen and deuterium

implanted cases.

From the Diet distribution it is clearly evident that in deuterium-implanted at 20keV

and 25keV with a dose of 1x1015lcm2 (Dose-B) and devices at 25keV with a dose of

1x10 15lcm2 (Dose-C) Pr centers above the midgap are passivated. The high concentration

of the DOH near the interface may be caused (in addition to the dangling bond

passivation) by deuterium bonding to other defects in the structural transition region

(including strain, sub oxide states) near the interface. It is known that silicon-dangling

bonds are not only the primary source for deuterium accumulation at the interface [70].

Other than the silicon dangling bonds, deuterium accumulation also, arises from the

breaking of strained Si-Si and/or Si-0 bonds at the interface to form unstrained Si-D and

Si-OD bonds. Also an alternate possibility of deuterium being incorporated in the strain

filed at the interface [71]. The trap sites due to O-Vacancy and Si-Si weak bonds at the

interface produce trap states at the energy range higher than the midgap, whereas Si-0

weak bonds at the interface produce trap states at the energy lower than the midgap [72].

The energy levels of these trap states vary with changing bonding parameters such as

bond lengths and bond angle. Therefore, the shift in the Di et level in the energy band gap
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for deuterium implantation case indicates the interaction of deuterium with the others

defects other than the dangling bonds such as Si-Si weak bonds and Si-0 weak bonds

which are possible origins of the obtained interface states distribution in silicon bandgap.

Hydrogen and deuterium are electronically equivalent as static electronic

structure of S-H and S—D bonds are identical [31]. The difference in behavior can be

attributed to dynamics of these bonds. As discussed earlier, implanted deuterium and

hydrogen ions initially tend to diffuse to the defect sites that were formed during

implantation damage. If these ions initially passivate the bulk dangling bonds the

mechanism of these ions diffusing to interface during oxidation (annealing) will be

entirely different because of the isotope effect.
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Figure 5.9 Comparison of deuterium versus hydrogen implantation for 25keV (a) LF-HF
C-V curves for all Dose-A and Dose-B (1 x 20 15lcm2) (b) HF-LF C-V Curves for all
Dose-C (1 x 20 15lcm2) (c) Energy levels of the interface states (Diet) at the Si02 interface
in the silicon band gap for devices with implantation energy 25keV For Hydrogen and
Deuterium for Dose-B (d) Energy levels of the interface states (Di et) at the Si02 interface
in the silicon band gap for devices with implantation energy 20keV For Hydrogen and
Deuterium for Dose-C. The control device plotted for comparison.
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Figure 5.10 Comparison of deuterium versus hydrogen implantation for 25keV (a) LF-
HF C-V curves for all Dose-A and Dose-B (1 x 10 14lcm2) (b) HF-LF C-V Curves for
all Dose-C (1 x 20 14lcm2) (c) Energy levels of the interface states (D1) at the Si02
interface in the silicon band gap for devices with implantation energy 25keV for
Hydrogen and Deuterium for Dose-B (d) Energy levels of the interface states (Dial at the
Si02 interface in the silicon band gap for devices with implantation energy 25keV For
Hydrogen and Deuterium for Dose-C . The control device plotted for comparison.
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Figure 5.11 Comparison of interface states between hydrogen and deuterium implanted
devices at different implantation energies and doses where (a) Dose-B and (b) Dose-C.

5.2 Diffusivity Estimation

In this section the diffusivity of deuterium during oxidation step has been estimated. The

diffusion coefficient is computed separately for each case of the implantation condition.

The diffusion coefficient is computed using the equation [59]

Cs = Peak Concentration of the implanted ions, Chub = the concentration of the deuterium

ions at the interface, t = the time the ions undergo diffusion, D = Diffusivity, X1 =

Projected range of the implanted ions

Chub was estimated by computing the concentration of deuterium ions at the interface for

each case, which was obtained by comparing Di et in each case with that of the D iet of the

control case. The Pb density was computed from the Di et using the relationship 2*Pb

=1.1*D1t [28]. The units of Pb are cm2 . The volume concentration was obtained by

dividing in to very small intervals Ax — in which the concentration is assumed to be
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constant and also the interface between Si and Si02 is of thickness lam. The interval

value was assumed to be lam to compute the volume concentration. The computed

values for diffusivity for various conditions of deuterium implantation are shown in Table

5.1 (a), (b) and (c) for Dose-A, Dose-B and Dose-C respectively. Figure 5.12 shows the

diffusivity plot for where the diffusivity for Dose-C obtained is lower compared to Dose-

B. The diffusivity of deuterium in silicon was obtained to be 4.0x1015/cm2 [73] at

250°C. The diffusivity of deuterium in silicon is expected to be higher than 4.0x10 -15cm

1 -4 •sec in single crystal silicon at 350 °C since the temperature is higher in our case.

Besides, the diffusivity of the ions is also governed by the implantation damage [74],

wherein the disordered regions both at the surface and subsurface, directly inhibit the

movement of deuterium. Since the damage induced to the substrate increases with dose,

Figure 2.8, the reduced diffusivity obtained in case of Dose-C compared to Dose-B of

implantation is due to the effect of the damage-inhibited diffusion. The disordered

regions act as a sinks, gettering centers [74, 75] for diffusing deuterium and accumulation

of the ions (deuterium) in these regions accounts for the low diffusivity obtained for a

higher dose of implantation during oxidation. It is also known that the diffusivity of H in

a-Si is known to slower than in C-Si [77].

Simultaneous oxide growth and diffusion also adds a contributing factor to the

obtained diffusivity. During oxidation the injection of interstitials and dislocations [60]

will lead to oxidation retarded diffusion in the present case, as the diffusion of hydrogen

is governed by {H-V} mechanism [78].

With the increase in energy for a particular dose of implantation, the diffusivity

increases though the magnitude being significantly lower compared to the dose effect
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(Dose-C leading to a lower diffusivity compared to Dose-B). The increase in the

diffusivity with the increase in the energy can be attributed to the effect of the surface

damage. Figure 2.8 shows that the surface damage (near interface) decreases with the

increase in energy. Simultaneous oxidation, diffusion, low peak implanted projected

range and greater surface damage induced in case of low energy of implantation leads to

increased damage inhibited diffusion which contributes to low diffusivity compared to

higher energies of implantation.

The diffusivity has also been estimated from the SIMS concentration profile. The

final concentration obtained at the interface, Chub was obtained from the concentration

profile of SIMS. Table 5.2 shows the obtained interface and peak concentration from

SIMS profile and the computed diffusivity. The diffusivity obtained from this case also

has been plotted for cases of implantation D2OB, D20C and D25B as shown in

Figure.5.12, which shows a close relationship to the derived diffusivity from the Dit.
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Table 5.1 Range, Peak Concentration, Diffusivity and concentration of ions at the
interface for various conditions of deuterium implantation (a) Dose-A (1x10 I3lcm2) (b)



Table 5.2 Range, Peak Concentration and concentration of ions at the interface for
various conditions of deuterium implantation obtained from SIMS profile and the

computed diffusivity.
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Figure 5.12 Diffusivity estimated for the implanted deuterium ions during gate
oxidation. Indicates higher diffusivity for Dose-B (1x10 131cm2) compared to Dose-C
(1x1015/cm2). The diffusivity obtained from SIMS is also shown.
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5.3 Annealing Results

The samples fabricated under the same conditions underwent the annealing at various

conditions as has been discussed in Chapter 3. The annealing was carried out at three

different conditions- 600 °C and 700°C for 20 min in nitrogen atmosphere which will be

referred to as annealing condition Al, A2 respectively. This was carried out to study the

movement and understand the effect of the implanted ions in the substrate and at the

interface and further investigate the effect of the damage induced degradation. The

following section describes the discussion of the variation of Di et obtained under various

annealing conditions for both deuterium and hydrgen cases of implantation.

5.3.1 Deuterium Implantation

Figure 5.13 (a) and (b) shows the value of Diet computed for Dose-B and Dose-C case

respectively for all the cases of implantation with the variation in annealing condition.

The control case has also been plotted for reference. The interface states of the control-

annealed wafer is found to improve after subjected to annealing Al, which indicates that

initial post oxidation annealing eliminates some interface defects [17]. On further

annealing at a higher temperature at condition A2, the interface state density shows no

additional variation.

For the dose 1 x10 I4lcm2 for energies of implantation 20keV, l5keV, 35keV it is

observed the interface degrades Figure 5.13(a), with the increase in the annealing

temperature compared to the non-annealed case. Since this behavior is different from the

control sample, which showed an improvement at the interface, this is clearly due to the

deuterium ions, which is known to out diffuse from the oxide with increase in the

temperature [2].
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For the dose lx1015/cm2 for energies of implantation 15keV, 25keV, 25keV,

35keV, 35keV, the interface state density decreases after being subjected to annealing

condition Al, which is due to the repair of the damage and incorporation of diffused

deuterium ions from the damaged regions leading to the passivation of the interface

states. On further annealing at condition A2 the interface degrades indicating an effect

similar to Dose-B case of implantation indicating an out diffusion of the passivated ions.

5.3.2 Hydrogen Implantation

Figure 5.14 shows the effect of annealing for hydrogen implantation case. The

degradation of the interface with the temperature clearly indicates the out diffusion of the

ions with the increase in the temperature.



Figure 5.13 Comparison of D 1  for Deuterium Implanted devices at various annealing
temperatures —Non-annealed (NA), 600 °C (Al) and700 °C (A2) anneal. The control case
has also been plotted (a) Dose-B at different annealing temperature (b) Dose-C at
different annealing temperature
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Figure 5.14 Comparison of Diet for Hydrogen Implanted devices at various annealing
temperatures —Non-annealed (NA), 600°C (Al), 700°C (A2) anneal for 20keV and 25keV
energy of implantation. The control case has also been plotted (a) Dose-B at different
annealing temperature (b) Dose-C at different annealing temperature.

5.2 Summary

In this Chapter incorporation of deuterium ions at the oxide / Si-interface when gate

oxide was grown on deuterium-implanted silicon substrate has been investigated. An

optimization of the implantation condition has been studied in detail for maximum

incorporation of deuterium ions at the interface and thereby effective passivation of the

dangling bonds. This has been extended further to study the effect of annealing at various

temperatures following ion implantation. Hydrogen implantation also has been carried

out at certain conditions (conditions at which deuterium implanted devices yielded best

results) to investigate the isotope effect.

Deuterium implanted at energies 15keV, 20keV, 35 keV did not yield significant

improvement in interface states compared to the control case. On the other hand at 25keV

and 20keV significant reduction in the value of D iet was observed. A study of the variation

of the dose at these two energies yielded the best result with an implantation dose of
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1x1015atomslcm2 . At higher doses more damage is being induced in the substrate, which

acts as a sink for the implanted ions that inhibits the diffusion of the ions to the interface.

Confirmation of this mechanism was obtained further when the devices with high energy

and dose of implantation were subjected to annealing. An improvement in the Di et value

was obtained for the devices implanted at 3OKev and 25Kev and at dose of

1x10 15atomsOcm2 when subjected to annealing at higher temperatures indicating the repair

of the damage and thereby diffusion of the ions towards the interface.

Comparison of deuterium and hydrogen implanted devices under similar conditions

showed lower values for Diet in deuterium-implanted devices. However for dose-

lx10 15atomslcm2 (Dose-C) case the Diet value for deuterium-implanted device was higher

than that of hydrogen-implanted device for 20keV. This can be attributed to lower

diffusivity and higher damage in case of deuterium compared to hydrogen.



CHAPTER 6

RELIABILITY STUDY OF DEUTERIUM IMPLANTED DEVICES

This Chapter discusses reliability characteristics of the as fabricated devices in Section

3.2. The reliability study of the fabricated MOS capacitors was conducted using the time

dependent dielectric breakdown measurements, which has been discussed in Section

3.3.3. The stress induced trap creation within the bulk of the oxide has been

systematically studied by measuring the C-V, 1-V and interface state density

characteristics after subjecting to electrical stress to investigate the isotope effect. To

further investigate the dose and energy induced damage effect on reliability; breakdown

characteristics were also examined for the devices, subjected to high temperature anneal

after oxide growth.

6.1 Breakdown Characteristics

Figure 6.1 shows the Weibull plot of charge to breakdown characteristics of devices for

different cases of deuterium implantation. The X-axis of the plot show the charge to

breakdown (KBD) and the Y-axis represents the failure rate, which has been computed

from the cumulative % breakdown. It is observed that deuterium implanted samples-

D2OB and D25B exhibit a significant improvement in the charge to breakdown

characteristics in comparison to the control device, the difference being three orders of

magnitude greater (considering at the 63% failure level) in comparison to the control

device. For devices implanted at D15B condition, the breakdown characteristics obtained

are similar to the control case. For higher energies of implantation, in case of D3OB and

80
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D35B two orders of magnitude of improved reliability is obtained in comparison to

control devices and an order of magnitude inferior reliability in comparison to D2OB and

D25B.

Figure 6.1 Weibull plot for QBD under constant voltage stress of-7V for different
cases of deuterium implantation with variation in energy and dose of implantation.
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For devices implanted at a higher dose, Dose-C it is observed that for DISC,

D2OC, D25C, D30C and D35C there is a degradation obtained in the breakdown

characteristics compared to Dose-B case for implantation conditions- D15B, D2OB,

D2SB, D30B and D35B cases respectively.

Devices implanted at low energy, for D15B and DISC no significant

improvement in the interface passivation was obtained from the Di et results (Section

5.1.1). Out diffusion of the ions had resulted on account of shallow implantation induced

peak depth. The out-diffusion of the deuterium ions has resulted in breakdown

characteristics similar to the control case. On the other hand degradation in KBD for

DISC is due to the implantation induced damage which increases with the dose of

implantation as shown in Figure 2.9, which incorporates defects in the growing oxide

leading to a of inferior quality oxide compared to the control device.

6.1.1. Devices with Lower Implantation Dose

The significant improvement in breakdown characteristics for D20B and D2SB can be

accounted for the effective passivation of the interface dangling bonds has been discussed

in Section 5.1.1. During oxidation the chemical potential difference between Si02 and Si

[11], drives the diffusion of implanted deuterium from the silicon substrate to the silicon

oxide. Diffused deuterium atoms are not only incorporated at the SilSiO2 interface

reacting with the interface dangling bonds to form Si-D bonds, but also form Si-D bonds

in the bulk Si02 [66]. The distribution of deuterium is clearly seen from the SIMS results

in Figure 2.15. The presence of deuterium at the interface and the bulk oxide, therefore,

suppresses the hole-induced increase in the electron traps at the interface region during

stress.
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It has been reported that, the stability of Si-H bond increases when silicon atoms

bond with large electronegative oxygen atoms [79]. It is known that, the strength of the

Si-D bond that forms during oxidation is stronger than that of the Si-D bonds that

passivates the interface dangling bonds by deuterium annealing. An observed 7%

difference in the activation energy of desorption has been observed between deuterium

pyrogenic oxide (deuterium incorporated during oxidation) compared to deuterium

annealed oxides [68] in which case the deuterium atoms does not take part in the

oxidation process, using thermal desorption spectroscopy. Therefore, it is believed that

in the present case deuterium implantation brings about a more robust and a stable Si02

structure and a suppressed trap creation and enhanced reliability characteristics. Similar

arguments are also valid for D30B and D35B, which shows an improvement in the

reliability compared to the control case. The inferior reliability compared to D2OB and

D2SB is governed by the implantation-induced damage, which increases with energy as

shown in Figure 2.8.

6.1.2. Devices with Higher Implantation Dose

For a higher dose of implantation, Dose-C, incase of D2OC, D25C, D30C and D35C it is

observed that obtained KBD is lower compared to D2OB, D2SB, D30B and D35B cases

respectively. Degradation of oxide reliability at higher implantation doses is contributed

to the implantation induced substrate damages [80], which are not completely removed

during the post-implantation annealing (gate oxide growth). It is known the greater

implantation dose induces more damage to the silicon substrate (Figure 2.11), which

affects the electrical properties of the device [80-83]. Degradation of the Si-substrate

integrity for the case of higher implantation energy and dose is expected to affect the
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quality of oxide growth by introducing defects in the oxide. Incorporation of

implantation-induced defects from the substrate in to the oxide leads to more traps and

trap generation in the oxide, which causes an increase in the leakage current. In addition,

a defected Si substrate enhances the electron-hole recombination process leading to

degradation of device performance and an increase of the Di et (discussed in Section 5.1.1).

6.2 Comparison with Hydrogen Implantation

The Diet measurements obtained for both hydrogen and deuterium-implanted devices

showed identical passivation of the interface states for 20keV energy of implantation and

a moderately improved passivation in case of deuterium implanted deices for 25keV case.

Generation of interface states and the trap induced damage mechanism in the Si02 film

has been studied by subjecting the hydrogen and deuterium implanted devices under F-N

injection of electrons from the gate in order to further investigate and study the isotope

effect. Only devices that provided the optimized results (D20B, D2SB, H2OB and H2SB)

along with control devices were subjected to a constant voltage stress. The experimental

setup of which has been discussed in Section 3.3.2.

6.2.1 Stress Induced Leakage Current

The current vs. time plot for deuterium and hydrogen implanted devices during constant

voltage stress was monitored and is shown in Figure 6.2. The deuterium and hydrogen

samples do not breakdown even after 7000sec. There is no apparent fluctuation in the

gate current during the stress for deuterium-implanted devices and the I-V characteristics

(as shown in the inset-1 in the Figure 6.2) of the devices after 2500sec is almost identical

to the fresh one.
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Figure 6.2 Gate current versus stress time plot of hydrogen and deuterium
implanteddevices under a constant voltage stress with CVS -5V for 7500sec. The insets
are the IV characteristics before and after stress. The insets are I-V characteristics before
and after stress.

Figure 6.3 Gate current versus time plot for the control device, hydrogen and deuterium
implanted device at —6V. Shows the comparison of the breakdown characteristics,
indicating the longest time to breakdown for the deutenum-implanted device.
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For hydrogen treated samples the fluctuation in the gate current under CVS

implies that degradation in the oxide occurs [5] which is reflected in the increase in the

stress-induced leakage current (SILC) after stress as shown in the inset-2 of Figure 6.2.

It is known that under constant voltage stress conditions, the injected electrons

from the cathode gain kinetic energy from the oxide field and upon reaching the anode,

breaks the Si-H, SiOH and strained Si-0 bonds. The released hydrogen or holes, while

traveling towards the cathode, create oxide traps [82]. Since SILC is attributed to

generated bulk traps that contribute to trap assisted tunneling [85], the traps created

during stress contribute to an increase in the post-tress leakage current in hydrogen-

implanted devices. The suppressed SILC for the deuterium implantation case, on the

other hand demonstrates an isotope effect, as it is harder to break the Si-D bonds

compared to Si-H bonds at the interface.

For comparison, with the device without any implantations were also subjected to

stress. Figure.6.3 shows the gate current as a function of time for the control, hydrogen

and deuterium implanted cases at stress level of —6V. The times to breakdown are

observed to be 200sec, 750sec, and 1730sec for the control, hydrogen and deuterium

implanted devices respectively. Hydrogen-implanted shows a fluctuation in the gate

current, indicating a soft breakdown behavior while the breakdown of deuterium-

implanted devices extended beyond 1000 seconds without any such fluctuations. For

control samples, oxide breakdown was observed at around 250 sec. The higher leakage

current, observed for deuterium-implanted devices, is due to lower (10%) oxide thickness

obtained during oxidation compared to the hydrogen-implanted case [15]. It should be

noted that higher desorption rate for hydrogen, being 1.6 times that of deuterium, [86]



leads to lower oxide growth rate in deutenum-implanted case as the diffused

hydrogen/deutenum takes part in the oxidation process. Lee et. al observed a similar

effect during oxide growth conducted after deuterium prebake [15]. Deuterium implanted

devices exhibit higher time to breakdown because the trap creation is higher in control

sample and in hydrogen implanted devices because Si-H bonds break easily compared to

S-D bonds.

6.2.2. Flat Band Voltage Shift

The flat band voltage shift, AVFB before and after stress is observed in the capacitance-

voltage measurement as shown in Figure 6.2. The shift in the post stressed CV curves

towards the positive gate voltage direction is attributed to the creation of net negatively

charged centers in the bulk oxide due to electron trapping [87]. However, a reduced

AVFB of 20 mV for deuterium-implanted samples indicate a suppressed electron trap

creation in the oxide. The reduced electron trap concentration in the gate oxide further

supports the lower SILC observed for the deuterium-implanted devices. The lower value

of capacitance in the accumulation region for the hydrogen-implanted devices is

attributed to higher oxide thickness compared to deuterium-implanted case.

6.2.3. Stress-Induced Interface States

The origin of the device degradation was investigated by measuring the stress-induced

interface state density. Diet generation due to hydrogen release at the Si-Si02 interface

was confirmed by measuring the after stress interface trap generation. Figure 6.5 shows

the extracted interface state density (OD it) for both hydrogen and deuterium devices

evaluated using the conductance technique [55] immediately after oxide growth. Almost
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Figure 6.5 Diet distributions for deuterium and hydrogen implanted devices before stress
shows an identical passivation of the interface. The inset shows a five fold increase in the
value of Dot for hydrogen case compared to the deuterium case after a -6V constant
voltage stress for 100sec.

6.2.3 TDDB Measurements

Furthermore, TDDB measurements were carried out to study the breakdown

characteristics, for the both hydrogen and deuterium-implanted cases and were compared

to control devices. The measurements were conducted at a stress level of —7V. Figure 6.6

shows the Weibull plot for the QBD characteristics for implantation conditions D2OB,

D25B, H20B, H25B and the control case. A significant improvement in charge to

breakdown was observed for oxides implanted with deuterium in comparison to the

hydrogen-implanted device, the difference being three orders of magnitude greater

(considering at the 63% failure level). The larger charge to breakdown of deuterium-

implanted wafers is due to less charge trap creation within the oxide and at the interface

due to presence of deuterium at the interface [881
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Figure 6.5 Diet distributions for deuterium and hydrogen implanted devices before stress
shows an identical passivation of the interface. The inset shows a five fold increase in the
value of Diet for hydrogen case compared to the deuterium case after a -6V constant
voltage stress for 100sec.

6.2.3 TDDB Measurements

Furthermore, TDDB measurements were carried out to study the breakdown

characteristics, for the both hydrogen and deuterium-implanted cases and were compared

to control devices. The measurements were conducted at a stress level of-7V. Figure 6.6

shows the Weibull plot for the QBD characteristics for implantation conditions D20B,

D2SB, H2OB, H2SB and the control case. A significant improvement in charge to

breakdown was observed for oxides implanted with deuterium in comparison to the

hydrogen-implanted device, the difference being three orders of magnitude greater

(considering at the 63% failure level). The larger charge to breakdown of deuterium-

implanted wafers is due to less charge trap creation within the oxide and at the interface

due to presence of deuterium at the interface [881
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Figure 6.6 Weibull plot for KBD under constant voltage stress of —7V. Compared to the
control case charge to breakdown characteristics of hydrogen and deuterium case have
improved with the highest KBD obtained for the deuterium-implanted device.
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6.3 Reliability Study of Annealed Devices

To investigate the effect of the deuterium ions wafers were further annealed in N2

atmosphere at 600°C (Al) and 700°C (A2) for 20min. The leakage current and

breakdown characteristics of the devices were studied and compared. Figure 6.7(a) shows

the variation of leakage current density for the control sample whereas Figure 6.7 and

Figure 6.8 shows the leakage current density for all cases of deuterium implantation with

variation in annealing conditions (Al and A2) including the non-annealed samples (NA)

for Dose-B (1x1015lcm2) and Dose-C (1x10 15lcm2) respectively. The comparison and

summarization of the current density results obtained at 1V for has been plotted in

Figure. 6.9 Dose-B and Dose-C cases. The results of control samples have also been

plotted for reference.

6.3.1. Leakage Current

Comparing the variation in the current density for the control sample, it is observed that

when subjected to annealing condition Al, a reduction in the current density is obtained

compared to the no anneal (NA) case (Figure 6.7(a)). This is attributed to the annealing

behavior of the traps, at the interface and in the bulk of the oxide [52]. Post Oxidation

annealing is known to reduce the fixed oxide charges in the oxide [10]. A reduction in

the interface state density as described earlier (Figure 5.13) also confirms this behavior.

The breakdown characteristics, which will be presented later (Figure 6.10), an

improvement in oxide quality further confirms the 600 °C annealing effect.
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more o./ Leafage current density vacation witn different annealing commons, IN IA.

(non-annealed), Al (600°C), A2 (700°C) for the control device and Dose-B (1x1014/cm2 )
case of deuterium and hydrogen implantation (a) Control case (b) D2OB (c) D2SB (d)
DOB (e) D35B (f) H2OB.
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An increase in current density is obtained for deuterium implanted cases, 25keV, 25keV,

30keV and 25keV for implantation dose of lx1014/cm2 under annealing condition Al

(Figure 6.7(b)(c)(d)(e)) compared to the NA case. A similar effect has also been

observed earlier from the obtained Di et results, Figure 5.13 (a). Since this behavior is

different from that of the control sample, which showed an improvement, clearly suggest

that the reduction of deuterium ions, which is known to out diffuse from the oxide with

increase in the temperature [37]. The passivation of defects by deuterium ions at the

interface and the oxide has been discussed in Section 4.1 and Section 4.3, respectively.

With the increase in the annealing temperature, the possible depassivation of deuterium

ions from the interface and bulk traps accounts for an increase in the interface state

density and leakage current. Trap assisted tunneling [54], therefore, contributes to higher

leakage current. Figure 6.7(f) shows the leakage current variation for annealed hydrogen-

implanted devices. Annealing seems to increase the leakage current significantly after

both the annealing conditions.

The current density characteristics observed at annealing condition A2 is found to

yield a further reduction of current compared to annealing condition Al, while the

interface is found to degrade with Diet increasing, Figure 5.13 (a). An increase in the Di et

has resulted from out diffusion of the deuterium ions from the interface and oxide, while

the reduced current is attributed to the annealing behavior of the traps within the oxide

after the out diffusion of deuterium from the Si02 network.

Figure 6.8 show the current density measurements for a higher dose of

implantation, Dose-C, of D20C, D25C and D30C devices. In case of D2OC a reduction

in the current density (Figure 6.8(a)) is observed compared to the observed trend in non-



94

annealed (NA) case possibly due to complete annealing behavior of implantation damage.

This trend is also reflected as an improvement in Diet value as shown earlier in Figure 5.13

(b). In other Dose-C cases similar trend is observed as in case of Dose-B.

Figure 6.8 Leakage current density variations with different annealing conditions, NA
(non-annealed), Al (600 °C), A2 (700°C) for the control device and Dose-C (1x10 I5lcm2)
case of deuterium implantation (a) D20C (b) D25C (c) D30C.
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Figure 6.9 Comparison of Leakage current density for different cases of deuterium
implantation with variation in annealing conditions, NA (non-annealed), Al (600 °C), A2
(700°C) for (a) Dose-B (1x10 14/cm2) (b) Dose-C (1x1015/cm2 ) case of deuterium
implantation. The control case has been plotted for reference.
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Figure 6.9 compare the leakage current at 1 volt for all the samples for Dose-B

(1x10 15lcm2) (6.9(a)) and for Dose-C (1x10 15lcm2) (6.9(b)). Notice that the explanations

provided above clearly evident in the bar charts.

6.3.2. Breakdown Characteristics

The degradation in the breakdown characteristics, observed for all the annealed samples

are provided in Figure.6.l0 for control, l5keV, 20keV, l5keV and with Dose-B. The

breakdown characteristics of the annealed hydrogen-implanted cases have also been

added for comparison. A significant improvement in the breakdown characteristics is

obtained for D2SBNA and D2SBNA, as discussed in Section 6.1. Comparing the

characteristics obtained with variation in annealing, it is observed for the control sample

an enhanced oxide charge to breakdown is obtained on annealing at 600 °C (Al). This is

due to the improved interface passivation, Section 5.13 and leakage current, Section 6.3.1

in the oxide due to improved oxide quality attributed to the annealing behavior of the

traps. Also observed for D15B, the breakdown characteristics improve, though not

significantly on being annealed at 600 °C (Al). Since this behavior is similar to the

control sample, this is attributed to the annealing behavior of preexisting traps.

For implantation conditions D20B, D2SB oxide degradation is observed after

annealing at 600°C (Al). This is in trend with the Diet and leakage current results as

discussed in Section 5.13 and 6.3.1 respectively. The out diffusion of the deuterium

incorporated ions and trap assisted tunneling lead to an increase in the leakage current

and thereby a degradation in the breakdown characteristics. Further, annealing at 700 °C

(A2) did not yield any significant change in the breakdown characteristics compared to
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600°C (Al). The behavior obtained for the hydrogen samples were similar to that as

obtained for the deuterium devices as shown in the figure.

Figure 6.11 shows the breakdown characteristics for Dose-C (1x1014lcm2) of

implantation for D20C, D25C and D3OC. The breakdown characteristics showed

improvement for devices D2OC, D25C and D3OC after being annealed at 600 °C (Al) due

to possible slow release of deuterium from the damage sites during annealing. As

discussed in Section 6.1, for higher doses (1x1014lcm2) of implantation, greater

implantation damage leads to the degradation in the electrical properties of the non

annealed devices compared to the lower dose (1x10 14lcm2) of implantation. And also as

discussed in Section 5.2, the increase in damage, the disordered sites that act as a sink or

gettering centers [72] for diffusing deuterium and accumulation of the ions (deuterium) in

these regions accounts for the low diffusivity obtained for a higher dose of implantation

during oxidation. However on being annealed at 600 °C, the improvement in the

breakdown characteristics is attributed to the partial recovery of the damage and

simultaneous release of deuterium from these damage sites. This is further confirmed by

the obtained breakdown characteristics of D25CA1, which shows similar magnitude of

breakdown enhancement as compared to D2OBNA (which yielded the best breakdown

characteristics of the deuterium implanted devices after gate oxidation and before

annealing, Section 6.2). The improved passivation of the interface states is further

confirmed by the obtained Diet results as discussed in Section 5.3.1. At 700 °C (A2)

annealing a reduced leakage current is obtained for l5keV, 25keV, 30keV and 25keV.

From the Diet distribution graph, Figure 5.13(b) it was also observed that the interface state

density increases. The increased interface state density is attributed to the out diffusion
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of the incorporated ions during condition Al. The reduced leakage current on the other

hand is contributed to the annealing behavior of the traps in the Si02 network.

Figure 6.10 QQBD characteristics for different cases of deuterium implantation with
variation in annealing condition, NA (non-annealed), Al (600 °C) and A2 (700°C) for
control, l5keV, 20keV and l5keV. Hydrogen devices have been plotted for comparison.
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Figure 6.11 KBD characteristics for different cases of deuterium implantation with
variation in annealing conditions, NA (non-annealed), Al (600 °C), A2 (700°C) for (a)
25keV, 25keV (b) 25keV.
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6.4 Summary

The reliability of Si02 on deuterium and hydrogen implanted devices for various

implantation conditions have been analyzed and discussed in this chapter. Lower

implantation dose, 1 1x1014lcm2 , yielded enhanced reliability characteristics compared to

higher doses of implantation, 1x10 14lcm2 .

During oxidation, the implanted deuterium ions move towards the Si/Si02

interface owing to the chemical potential difference between Si and Si02. The diffusion

of the deuterium ions from within the substrate during oxidation is governed by

implantation-induced damage, which is dependent on the energy and dose of the

implantation.

Figure 6.12 shows the schematic of the diffusion of the deuterium ions during

oxidation through the damaged sites. The defects created in the silicon substrate during

implantation include silicon seif-interstitials (I), di-interstitials (12), vacancies and

divacancies (V2) and deuterium works as substitutional deuterium (Ds) or interstitial

deuterium (D 1) (Figure 6.12).
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Figure 6.12 Damage created in the substrate during implantation and diffusion of the
deuterium ions during oxidation.
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Low energy and dose of implantation does not produce dense collision cascades

[89]. With the increase in the dose, the peak concentration of the ions increases and

brings about damage clusters forming larger clusters with deep traps. With increase in

the dose of implantation, the trap density increases. These disordered and defective

regions serve very effectively as sinks for the deuterium ions, which impede the

diffusivity [90]. This explains the obtained reduced diffusivity for higher dose of

implantation compared to lower dose. Furthermore, the diffusivity of the deuterium ions

is retarded during oxidation due to the formation of oxidation induced stacking faults,

which injects extra interstitials into the lattice as shown in Figure 6.12. During thermal

treatment their density increases due to transfer of silicon interstitials from the smaller

loops to form larger ones [91, 92]. The diffusivity is thus impeded by the implantation

damage and also the interstitials injected during oxidation as the diffusion mechanism is

controlled by vacancy and deuterium interaction {D-V}. For a lower dose of

implantation, induced defects are quickly annealed and do not impact the interface or the

oxide.



CHAPTER 7

CONCLUSIONS

We have investigated passivation of the dangling bonds that contributes to the interface

states in the silicon band gap by deuterium ion implantation before the growth of a 6.5

nm thin oxide in MOS capacitors fabricated at the Microelectronics Fabrication Center at

NJIT. Different implantation conditions were used to effectively passivate the silicon-

dangling bonds with deuterium implantation energies of l5keV, 20keV, l5keV, 30keV

and 25keV doses 1 x 1 014lcm2 , 1 x 1 0 14lcm2 and 1 x 1 0 1 5lcm2 . By computing the interface

state density, Diet, gate leakage current and charge to breakdown characteristics we have

found the optimum implantation conditions for the effective passivation process.

7.1 Implantation Condition Optimization

Extensive SKIM simulation provided an estimation of deuterium and hydrogen ion

distribution in silicon and the intensity of implantation damage for various energies and

doses. Deuterium-implanted devices showed an enhanced interface passivation due to

incorporation of the diffused deuterium ions at the SilSi02 interface reacting with the

interface dangling bonds to form Si-D bonds. We have also observed significant

improvement in oxide quality due to possible formation of Si-D bonds in the bulk Si02

[68]. The retention of deuterium at the interface and in the oxide was confirmed by the

profiles obtained from the Secondary Ion Mass Spectroscopy (SIMS). The optimum

condition for deuterium implantation was found to be at 30keV with dose of
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lx10 15atomslcm2 . Deuterium diffusivity was extracted from the measured SIMS profiles

and the computed interface state density.

7.1.1 Reliability Enhancement

Stress-induced leakage current (SILC) and time dependent dielectric breakdown (TDDB)

were investigated to examine the reliability of gate oxides grown on hydrogen and

deuterium implanted silicon substrates. Significant reliability enhancement was observed

which may be explained by the reduction of defects in the Si02 and Si/Si02 interface,

such as Si dangling bonds, weak Si-Si and strained Si02 bonds. For low doses

(1x10 I4lcm2) of implantation, the interface and oxide quality obtained was superior

compared to that obtained for the higher dose of implantation, lx10 15/cm2. The observed

degradation in the reliability characteristics for the higher energy and dose of

implantation was believed to be due to the implantation damage that was not completely

removed during oxidation.

The results obtained with hydrogen implantation under similar conditions as

deuterium suggests a strong isotope effect. An order of magnitude improvement in

charge to breakdown was observed for deuterium implanted devices compared to

hydrogen implantation. Deuterium implanted devices exhibited less charge trapping

(reduced SILC and AVFB), less generation of interface states, and a larger charge to

breakdown under electrical stress, which confirmed the isotope effect based on hydrogen

release model.

Devices subjected to annealing at 600 °C and 700°C annealing demonstrated

different distributions of deuterium in siliconl silicon oxide systems. For low dose of

implantation, lx10 14lcm2 , degradation of the interface and of the oxide quality was



105

observed due to the out diffusion of the deuterium when the annealing temperature was

increased. On the other hand, for higher doses of implantation, 1 x10 14/cm2 , the increased

interface passivation and breakdown characteristics at 600 °C were governed by the

partial recovery of the damage. Possible slow release of deuterium from the damage sites

during annealing leads partial deuterium incorporation at the interface and in the oxide

showing an improvement after 600°C annealing. At 700°C annealing almost all devices

demonstrated interface and oxide degradation attributed to the possible out diffusion of

some of the deuterium ions.

7.2 Suggested Future Work

The results of this study suggest that implantation may be incorporated in CMOS

technology to meet the requirement of interface engineering. Below 1 nm, very large

gate leakage currents degrade dielectric reliability and prevent use of the conventional

Si02 . Fabrication of nanoscale CMOS devices that will use strained silicon, SiGe channel

and high-k gate materials could incorporate deuterium implantation for interface states

passivation and reliability enhancement. High-k dielectrics, that require low temperature

processing, can be deposited on deuterium implanted silicon substrate to effectively

passivate the interface states and bulk oxide charges. A precise control on the

incorporation of deuterium will be required.
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