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ABSTRACT

CHARACTERIZATION OF ULTRATHIN GATE DIELECTRICS AND
MULTILAYER CHARGE INJECTION BARRIERS

by

Edwin M. Dons

Since the invention of the first integrated circuit, the semiconductor industry has

distinguished itself by a phenomenally rapid pace of improvements in device

performance. This trend of ever smaller and faster devices is a result of the ability

to exponentially reduce feature sizes of integrated circuits, a trend commonly known

as "scaling". A reduction of overall feature sizes requires a simultaneous reduction

in the thickness of the gate dielectric, Si02, of a MOSFET. Gate oxides in the

ultrathin regime (<35 A) feature a large direct tunneling leakage current. The

presence of this leakage current requires a reevaluation of standard

characterization techniques as well as a reevaluation of the continued usefulness of

Si02 as the gate dielectric of choice for future applications. On the other hand, a

thorough understanding of the dynamics of ultrathin oxides opens up a range of

future device applications that were not possible with thicker oxides.

Capacitance-voltage characterization has been the standard technique to

study the electrical properties and interface quality of MOS devices. However, the

presence of a large leakage current in ultrathin oxides distorts standard C-V

measurements, rendering this technique no longer useful. In this work, a leakage

compensated charge measurement is developed to overcome this difficulty. This

technique produces static C-V curves, even for oxides as thin as 24 A, thereby

permitting C-V characterization well into the direct tunneling regime.



As an extension of this leakage problem, the usefulness of Si02 as the gate

dielectric of choice for future CMOS devices has been called into question. One

solution — but not the only — calls for a new dielectric to replace Si02 for future gate

applications. This research presents some of the earliest results ever on the

electrical properties of MOCVD and ALCVD hafnium oxides as a potential

candidate. Electrical characterization revealed that the devices have characteristics

such as large leakage currents, dielectric charging under stress, hysteresis and a

large Hatband voltage shift that is commonly found in materials such as the one that

was investigated in this work.

As one example of future device applications that become possible due to the

scaling of ultrathin oxides, silicon-based multilayer charge injection barriers have

been investigated. These barriers consist of alternating layers of ultrathin Si0 2 and

Si. The electrical properties of these structures were studied in detail and revealed

that they can be used as an active tunnel dielectric in nonvolatile memory devices.
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CHAPTER 1

INTRODUCTION

Since the invention of the first integrated circuit, the semiconductor industry has seen a

phenomenally rapid pace of improvements in device performance. This trend of ever

smaller and faster devices is a result of the ability to exponentially reduce feature sizes of

integrated circuits, a trend commonly known as "scaling". An indication of the pace at

which devices are scaled down is known as Moore's Law. It was first introduced as an

observation that the number of transistors per chip seemed to double every 24 months,

but Moore's Law has been remarkably accurate in predicting the scaling trend for future

device generations.

There are two very clear-cut reasons for scaling: smaller is cheaper and smaller is

faster. There is no doubt that an important reason behind the scaling of transistor devices

is an economic one; more transistors per wafer makes each individual transistor cheaper

to produce. But a more important reason for scaling is the fact that the basic building

block of CMOS technology, the MOSFET, operates faster when the overall size is

shrunk.

Fundamental road blocks for continued scaling are appearing, calling into

question the sustainability of the trend towards ever faster devices. On the other hand,

scaling may also reveal device properties that were unknown. This offers opportunities

to develop new devices and applications that were either unimaginable or impossible

before.

1
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1.1 Scope of Research

A reduction in overall feature sizes of a MOSFET requires a simultaneous reduction in

the thickness of its gate dielectric, Si02. As the thickness of the gate oxide is already in

the ultrathin regime (<35 A), and is expected to shrink even further, quantum mechanical

tunneling, or direct tunneling, through the gate oxide becomes prohibitively large. As a

result, characterization techniques need to be reevaluated. One particularly important

technique, capacitance-voltage measurements, is the de facto industry standard to

determine the electrical properties and integrity of the gate oxide. However, the presence

of the direct tunnel leakage current renders this technique useless in the ultrathin regime.

Characterization of ultrathin oxides is still crucial because of the importance of the

properties of the gate dielectric on overall device performance. A new technique called

leakage compensated charge measurement is introduced to that end.

Besides making characterization of ultrathin oxides problematic, the direct tunnel

leakage current has obvious adverse effects on battery life (mobile applications) as well.

Continued scaling of the dielectric thickness may well make the presence of the leakage

current prohibitively large, endangering a further scaling down of feature sizes and,

therefore, device performance. A large body of research exists that has reported on

materials with a high dielectric constant as possible candidates to replace the gate

dielectric of choice, silicon dioxide. One particularly promising candidate is hafnium

oxide; this work will present one of the earliest research efforts into evaluating the

properties of this material for such applications.

These first two topics dealt with the adverse effects of scaling and potential

solutions to it. Scaling also offers opportunities. One such opportunity is the emergence
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of new device applications based on the properties of ultrathin layers, in particular

ultrathin layers of silicon and ultrathin layers of silicon dioxide. This research will focus

on one particular system based on alternating layers of ultrathin silicon and ultrathin

silicon dioxide. One example of new device applications that are possible with this

system will be developed, a nonvolatile memory structure.

1.2 Statement of Purpose

The purpose of the research presented here has been to (1) develop a leakage

compensated charge measurement for characterization of ultrathin silicon dioxides, (2)

investigate the electrical properties of hafnium oxide as a possible candidate for advanced

gate dielectric applications, (3) investigate the electrical properties of a silicon-based

multilayer charge injection barrier and (4) develop a novel nonvolatile memory transistor

that incorporates this barrier as the active tunnel dielectric.

1.3 Outline of the Dissertation

The dissertation is divided into seven chapters and two appendices. Chapter 2 presents a

review of CMOS technology, a brief history, scaling and a review of the properties of

ultrathin silicon dioxide. Chapter 3 describes the principle of a leakage compensated

charge measurement and results of such measurements on ultrathin silicon dioxide

devices that exhibit a large leakage current. Chapter 4 presents some of the earliest

results ever obtained on the electrical properties of hafnium oxide as a candidate for

future gate dielectric applications. Chapter 5 introduces a silicon-based multilayer

structure and discusses the electrical properties the system has. Chapter 6 describes the

fabrication and characterization results of a new application that was made possible by

the properties of silicon-based multilayer barriers, a nonvolatile memory transistor.
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Chapter 7 presents the conclusions drawn from this research and finishes with suggested

future work. Appendix A contains a table of the process parameters used for the

deposition of thin hafnium oxide layers discussed in Chapter 4. Finally, Appendix B

contains a table of the process parameters used to fabricate the tunnel stack that is

incorporated as the active dielectric in the nonvolatile memory transistor fabrication run

of Chapter 6.



CHAPTER 2

REVIEW OF CMOS TECHNOLOGY

2.1 Overview

This chapter covers a review of CMOS technology and ultrathin silicon oxides. First it

gives a brief introduction and history of CMOS technology; then it will describe the

operation and device characteristics of the basic building block of CMOS, the MOSFET.

This leads to Moore's Law, the scaling of devices to smaller sizes and its effect on device

performance. The final section of this chapter reviews the properties, characterization

techniques and fabrication of ultrathin silicon oxide layers.

2.2 Introduction to CMOS Technology

Complementary MOS is so-named because it uses both p- and n-type (complementary)

MOS transistors in its circuits. Figure 2.1 depicts a schematic illustration of the basic

building block of integrated circuits, the CMOSFET, the Complementary Metal Oxide

Semiconductor Field Effect Transistor. The left part of the illustration shows the n-doped

source and drain regions in a p-type tub, as well as the n-gate separated from the channel

region by a gate dielectric. Applying a positive voltage to the gate electrode will set up

an electric field in the semiconductor and induce the forming of an n-type channel

underneath the gate dielectric, allowing electrons to travel from the source to the drain.

Hence, the name NMOSFET. The right part of the illustration shows the same

configuration with the role of electrons now being played by holes, hence PMOSFET.

The heart of the structure, the gate dielectric between the gate and the channel is arguably

the most important part of the entire transistor structure and is typically formed by a

5
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silicon dioxide layer. It is the unique properties of this silicon — silicon dioxide interface

that is solely responsible for the existence of the silicon based microelectronics industry

we know today, as will be explained later in this chapter.

2.3 History of CMOS Technology

It is important to note that even though CMOS was introduced in 1963 [1], it was not the

technology of choice even as late as the late 1970's; NMOS was. The popularity of

NMOS over PMOS was due to the fact that it was cheap to fabricate and faster than

PMOS because of the higher electron mobility. However, NMOS gates draw dc power

even when no signal is applied, hence an integrated circuit will draw a steady current in

the standby mode. Consequently, as the number of transistors on the chip grows, the

power being dissipated also increases. Although this was always a limitation of NMOS,

it did not represent a drawback for most applications when the number of devices was

relatively small. Such was the situation at the level of device integration that existed up
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to 1978 when Intel introduced the 8086 processor which was the last processor to be built

in NMOS. It had 29,000 devices and dissipated 1.5 W of power at 8 MHz. However,

when this same processor was later reintroduced in CMOS technology as the 80086 the

power dissipation dropped to 250 mW.

So why this decrease in power consumption for CMOS technology? In a CMOS

transistor only one of the two transistors is driven at any one time. This means that a

high impedance path exists from the supply voltage to ground, regardless of whether the

transistor is in the on- or off-mode. Hence, very little current flows and almost no dc-

power is dissipated. CMOS thus allows the manufacturing of circuits that need very little

standby power.

The problem of power dissipation can also be considered from both a chip

perspective and a system perspective. From the chip perspective, if microprocessors of

the 32-bit generation — which only now are starting to be replaced by 64-bit

microprocessors for high-end applications — were built in NMOS, they would dissipate 5

to 6 W of power. This would lead to severe heating and reliability concerns. In addition,

expensive packages would be needed to house such chips. However, building these same

microprocessors in CMOS reduces power consumption to about 1 W. From the system

perspective, let's consider memory chips. Although a 1-Mbit DRAM may consume only

120 mW of power in NMOS, it consumes even less, — 50 mW, in CMOS. Since there

may be thousands of memory chips in a system, the ramifications of lower power

dissipation are significant. Smaller power supplies and smaller cooling fans are two

important ramifications.
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Even though the most important advantage of CMOS is its significantly reduced

power density and dissipation, there are other advantages as well, such as device

performance, reliability, circuit design and cost [2].

2.4 Moore's Law and Scaling

For four decades, the semiconductor industry has distinguished itself by the rapid pace of

improvement in its products. The principal categories of improvement trends are shown

in the table below with an example of each.

All of these trends, sometimes referred to as "scaling" have resulted principally

from the industry's ability to exponentially decrease the minimum feature sizes used to

fabricate integrated circuits. Of course, the most frequently cited trend is in integration
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level, which is usually expressed as Moore's Law [4,5], i.e. the number of components

per chip doubles every 24 months. The most significant trend for society is the

decreasing cost per function, which has led to significant improvements in productivity

and quality of life through proliferation of computers, communication devices and

consumer electronics. The author would like to point out that, even though he is fully

aware of the near sanctified status that the phrase "Moore's Law" has attained in the

semiconductor community, the term Moore's Law is a misplaced term, since it describes

merely an observation made by Mr. Moore in December 1975, not a law in the

mathematical sense of the word that there is a proof for it. As a matter of fact, Moore's

Law is very often erroneously described as a doubling of components per chip every 18

months.

2.4.1 MOSFET Operation

As noted previously, the Metal Oxide Semiconductor Field Effect Transistor (MOSFET)

forms the basic building block of the microelectronics industry. As a matter of fact, more

than 99% of all integrated circuits are MOSFETs used for random-access memory

(RAM), flash memory, microprocessors and application specific integrated circuits

(ASIC). Figure 2.2 shows a cross-sectional view of an n-channel MOSFET and will be

used to illustrate the operation of the device [6].
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The device has a gate terminal to which the input signal is applied as well as

source and drain terminals across which the output voltage is developed and through

which the output current flows. A channel region in the silicon substrate under the gate

electrode separates the source and the drain. The substrate is also physically separated

from the gate electrode by an insulating layer — typically Si02 — so that no current flows

between the gate electrode and the semiconductor.

In simplest terms, the operation of a MOSFET involves the application of an input

voltage to the gate, which sets up a transverse electric field in the channel region of the

device. By varying this transverse electric field, it is possible to modulate the

conductance in the channel region. Since an electric field controls current flow, such

devices are called field effect transistors. If no gate bias is applied, the electrical path

between source and drain consists of two back-to-back pn junctions in series, one of

which will be in reverse direction. The channel current ID will only consist of the

reverse-bias diode leakage current and hence will be considered negligibly small.
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When positive bias is applied to the gate electrode, electrons will be attracted to

the channel region and holes (the majority carriers in a p-type substrate) will be repelled.

Once enough electrons have been drawn into the channel by the positive gate voltage to

exceed the hole concentration, the region behaves like an n-type semiconductor. Under

these circumstances, an n-type channel connects the source and the drain regions.

Current will flow if a voltage ADS is applied between the source and the drain terminals.

The voltage-induced n-type channel does not form unless the voltage applied to the gate

exceeds a certain threshold voltage AT. A device as is described above is referred to as

an enhancement mode (or normally OFF) transistor. It is also possible to build

MOSFETs in which a conducting channel region exists when AG = 0 A. Such devices

are referred to as depletion mode (or normally ON) transistors, since a bias voltage is

needed to deplete the channel region of majority carriers.

2.4.2 MOSFET Characteristics

This section will show the equations that describe the current-voltage characteristics of an

NMOSFET. In the simplest model, if AG is smaller than AT, no channel exists and no

current is assumed to flow between the source and the drain. If AG is greater than AT, a

conducting channel is present and ADS causes a drain current ID to flow from source to

drain. For small values of ADS, the drain current ID is linearly related to ADS. In this so-

called linear region of operation, the equation for the drain current is:
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where [to is the mobility of electrons in the channel, C o. the oxide capacitance, W the

width of the channel region and L the length of channel region between source and drain,

or gate length. This expression is valid when AG > AT and ADS < AG - AT.

As the value of ADDS increases, the induced conducting-channel charge decreases

near the drain. When VVDS equals or exceeds AG - AT, the channel is said to be pinched

off. Increases above this critical voltage produce little change in ID and Eq. 2.1 no longer

applies. The value of ID in this region is given by the following expression:

This is the so-called saturation region of operation.

A plot of ID versus ADDS (with AG as parameter) for a NMOSFET as described by

the previous two equations is depicted in Figure 2.3. If the value of AG is smaller than

AT, the transistor is said to be in cutoff. In the simplified model given here, ID is assumed

to be zero in cutoff. It is important to note that this model does not take into account two

very important factors that can significantly affect device performance, namely short-

channel effects and subthreshold currents. Discussion of these effects lies outside of the

scope of this work.

Another important parameter is the so-called saturation transconductance g m and

is defined as gm = dID / dAG. As such, it can be viewed as a measure of the easiness with

which charge carriers can drift from the source to the drain. From the previous equation

it can be shown that the transconductance follows this expression:
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A critical metric for transistor speed is the intrinsic switching frequency fi. It can

be shown that this is not limited by the time it takes the charge carriers to cross the

channel from source to drain, the channel transit time, but rather by the intrinsic delay

time ti required to charge and discharge the load capacitance of the transistor that exists

between device electrodes and between the interconnecting lines of the circuit. The

equation that describes the intrinsic delay time ti is as follows:

where CL is the load capacitance of the transistor and Add the power supply voltage.

The equations described in this section are instructive in explaining how a

reduction in transistor size will increase device performance as will become clear in the

following section.
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2.4.3 Why Scaling?

As mentioned earlier in this chapter, Moore's Law describes a historic observation of a

doubling of components per chip every 24 months. Even though the economic reasons

behind this endless effort to ever smaller devices can not be dismissed — smaller is

cheaper — it has really been the quest for ever faster devices as described by Equation 2.4

that has been the driver behind the steady performance improvement of CMOS devices.

From Equation 2.4 it is clear that there are three ways to reduce the delay time Ti,

and therefore increase the speed of the transistor: a reduction in the load capacitance CL,

a reduction in the power supply voltage Add and an increase in the drive current ID.

While all three trends occur simultaneously and are important parameters in the scaling

of transistors, it is the increase in ID that is the most instructive in showing that in order to

improve the performance of the device, one has to reduce the device in size.

Equation 2.2 predicts that in order to increase ID, one can simply increase the

dimension of the gate width W. However, when minimum-sized devices are preferred

for economic reasons, this is not an option. The drive current ID also is inversely

proportional to the channel length L and minimum channel lengths are therefore required.

From the dependence of ID on the electron mobility p.„ it is clear that the electron mobility

must be as high as possible. Since the mobility of carriers decreases as the doping

concentration of the channel increases, lightly doped channel regions are important. In

addition, many efforts are under way to increase the carrier mobility through alternative

means such as using strained-silicon substrates [7].

Equation 2.2 also shows that the gate oxide capacitance C ox is proportional to ID.

Since Cox is inversely proportional to the gate oxide thickness Cox, as thin a gate oxide as
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possible is needed, commensurate with oxide breakdown and reliability considerations.

However, continued scaling of gate oxide thicknesses results in a significant increase in

gate leakage current due to a sharply increasing direct tunneling leakage current which

has adverse effects on device performance, in particular for low-power applications.

Even though all the factors mentioned here are important aspects of device

scaling, it is the issues related to the scaling of the gate oxide that will be discussed in

detail in this work.

2.5 Ultrathin Silicon Dioxide

From the previous section it has become clear that the gate dielectric, usually silicon

dioxide, is perhaps the most critical part of a MOSFET. It is largely the wonderful

characteristics of silicon dioxide that have enabled an aggressive scaling of MOSFETs to

ever smaller devices. The table below shows some selected properties of Si02.
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Si02 is native to silicon, and with it, forms a low defect density interface. It also

has high resistivity, excellent dielectric strength, a large band gap, and a high melting

point. These properties of Si02 are in large part responsible for enabling the

microelectronics revolution. Indeed, the first transistor made in 1947 was not made with

silicon but with germanium. It was not selected as the semiconducting material of

choice, mainly due to the lack of a stable native oxide and a low defect density interface.

The ease of fabrication of Si02 gate dielectrics and the well passivated Si/ Si02 interface

that have made this possible. Si02 has been and continues to be the gate dielectric of

choice for the MOSFET. In spite of its many attributes, however, Si02 suffers from a

relatively low dielectric constant, lc = 3.9. Since high gate dielectric capacitance is

necessary to produce the required drive currents for submicron devices [8], and further,

since capacitance is inversely proportional to gate dielectric thickness, the Si02 layers

have of necessity been scaled to ever thinner dimensions, as is shown in Figure 2.4.
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This gives rise to a number of problems, including impurity penetration through

the Si02, enhanced scattering of carriers in the channel, possible reliability degradation,

high gate leakage current, the need to grow ultrathin and uniform Si02 layers and the

need to devise characterization techniques that can be used for these ultrathin layers.

Any of these effects may ultimately pose a fundamental limit to the continued scaling of

Si02.

2.5.1 Fundamental limits?

Due to the large band gap of Si02 , —9 eA, and the low density of traps and defects in the

bulk of the material, the carrier current passing through the dielectric layer is normally

very low. For ultrathin films this is no longer the case. When the physical thickness

between the gate electrode and doped Si substrate becomes thinner than —30 A, direct

tunneling through the dielectric barrier dominates leakage current [10,11] According to

fundamental quantum mechanical laws, the tunneling current increases exponentially

with decreasing oxide thickness. Figure 2.5 depicts gate leakage currents for oxide

thicknesses ranging from 32 A to 6 A:
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Figure 2.5 Gate leakage current density as a function of oxide thickness ranging from 32
A to 6 A [12].

The leakage current is seen to increase by one order of magnitude for each 2 A thickness

decrease. Assuming a maximum allowable gate current density of 1 A/cm 2 for desktop

computer applications, and 10 -3 A/cm2 for portable applications, minimum acceptable

Si02 physical thicknesses would be approximately 13 and 19 A, respectively.

Reliability, which is the lifetime to breakdown, of ultrathin Si02 is a major

concern for oxide scaling into the sub-20 A regime. Electrons traveling through the Si02

layer may create defects such as electron traps and interface states [13] that in turn, upon

accumulation to some critical density, degrade the insulating properties of the oxide. It

has been predicted that reliability may attain unacceptable levels at thicknesses as low 10

A [14], but considerable work is still being done in this field.
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In addition, a reduced drive current has been reported in small transistors with

ultrathin gate dielectrics less than 13 A [15]. Thus for Si02 layers thinner than 13 A there

is no advantage in performance for incurring the additional burden of an ever increasing

gate leakage current. The cause of the decreased drive current is not fully understood.

One possibility is an additional scattering component from the upper Si02/Si interface.

Another cause could be a universal mobility effect, i.e. a lowered mobility due to

enhanced scattering because of carrier confinement in the inversion layer of the ultrathin

oxide layer.

Thus, the fundamental limits imposed on Si02 are excessively high leakage

current, reduced drive current and reliability. All three effects suggest that the

fundamental scaling limit is somewhere in the range from 10 to 13 A. In any case, it is

important to point out that it has been reported that the fundamental physical limit to

Si02 is believed to be 8 A [16]. Oxides thinner than 8 A can no longer be considered

Si02, just two interfacial layers sandwiched in between the silicon substrate and the

polycrystalline silicon gate. Thus, layers this thin will no longer have the same properties

as bulk Si02.

2.5.2 Electrical Characterization

There are many analytical techniques available to study both the physical as well as the

electrical properties of Si02. Physical characterization techniques can be grouped in

optical techniques (e.g. ellipsometry), X-ray techniques (e.g. X-ray photoemission

spectroscopy (XPS)), ion beam based techniques (e.g. medium energy ion scattering

spectroscopy (METS) and secondary ion mass spectroscopy (SIMS)), electron microscopy

(e.g. transmission electron microscopy (TEM)) and scanning probe microscopic
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techniques (e.g. scanning tunneling microscopy (STM)). While all of these physical

characterization techniques have been and continue to be very valuable in understanding

the properties of ultrathin Si02 and the Si/Si02 interface, it is the electrical properties that

have been a focus of this work. In this section, the application of electrical

characterization techniques to ultrathin Si02 will be discussed.

The most frequently used electrical technique to assess the properties of both the

thin oxide layer and its interface with Si is the C-A measurement. In thicker oxide layers

C-A curves can be fitted satisfactorily with classical models[17] The C-A technique can

be used to determine flatband and threshold voltage, fixed charge, and interface state

density. It is also often used to determine the oxide thickness. In sub-40 A oxide layers,

C-A measurements provide the same information, but the interpretation of the data

requires considerable caution. The assumptions needed to construct the "classical

model" are no longer valid, and quantum mechanical corrections become mandatory,

thus increasing the complexity of the analytical treatment. First, several authors have

demonstrated that for ultrathin layers, Maxwell—Boltzman statistics no longer describe

the charge density in the inversion and accumulation layers satisfactorily, and should be

replaced by Fermi—Dirac statistics. In addition, band bending in the inversion layer near

the semiconductor—insulator interface becomes very strong, and a potential well is

formed by the interface barrier and the electrostatic potential in the semiconductor. This

potential well may be narrow enough to give rise to electron confinement at discrete

energy levels [18,19]. One of the main effects of the quantum mechanical treatment of

the inversion layer is a considerable shift of the inversion charge centroid away from the
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semiconductor—insulator interface and can be treated as an additional capacitor in series

with the oxide capacitance.

A similar effect is generated by polycrystalline Si depletion on the gate side of the

capacitor of a MOS transistor [20]. This effect is related to both the high fields at the

insulator surface as well as the incomplete activation of the dopants near the

polycrystalline Si/Si02 interface. A carrier concentration profile with a finite width,

having a centroid several tenths of a nanometer away from this interface, results. This

effect can also be modeled as an additional capacitance in series with the oxide

capacitance. As a consequence of quantum mechanical effects and polycrystalline Si

depletion, the measured capacitance is smaller than the expected "physical" oxide

capacitance, and the difference becomes very significant for ultrathin layers. This also

implies that oxide thickness extraction from C-A measurements becomes more difficult.

For very thin oxides, typically sub-30 A, the huge leakage current through the oxide, due

to direct tunneling of electrons creates an additional complication in the interpretation of

C-A curves. A sharp drop in the capacitance is observed as the voltage increases. This

effect is illustrated in Figure 2.6 below. As a matter of fact, the next chapter provides an

answer to this problem through a new C-A technique that utilizes a tunnel leakage

compensation circuit, allowing the use of standard C-A characterization even for ultrathin

layers.
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Figure 2.6 C-V characteristics distorted by leakage currents through the ultrathin gate
oxide.

Another critical technique to study the bulk and interfacial properties of these

layers is the measurement of the tunnel current. When a voltage A is applied across an

oxide layer with thickness C ox, the resulting oxide field, E 0  = Aox / Cox, gives rise to a

current flow through the oxide. This current originates from electrons that tunnel

quantum mechanically through the Si/Si0 2 potential barrier from the Si conduction band

to the Si02 conduction band as illustrated in the figure below. When tunneling occurs

through a triangular barrier, Figure 2.7(a), the conduction mode is called Fowler-

Nordheim (FN) tunneling and the measured current density, Jib, can be described by the

following formula:



in which q is the charge of a single electron (1.6x10 -19 C), m the mass of a free electron

(9.1x10-31 kg), m* the effective mass of a free electron in the bandgap of Si02 (0.42m), h

Planck's constant and (kb the energy barrier at the interface (3.2 eA for Si/SiO2).

When the oxide voltage drops below 3.2 A, the electron barrier height, electrons can no

longer enter the oxide conduction band, but tunnel directly from the gate to the silicon

substrate as can be seen in Figure. 2.7(b). In state-of-the art CMOS technology, direct

tunneling is the dominant current conduction mechanism at operating voltage. The direct

current density cannot be described easily in a closed analytical form, but several

approximate formulas and simulations have been proposed [21].
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In addition there are other electrical characterization techniques such as charge

pumping, conductance measurements and inelastic tunneling spectroscopy. Since these

techniques have not been used in this research, it is outside the scope of this document to

discuss them here.

2.5.3 Oxide Degradation and Breakdown during Electrical Stress

In this section oxide degradation during electrical stress, ultimately leading to

breakdown, is briefly discussed. Oxide degradation is defined as the continuous, gradual

deterioration of the oxide properties, resulting from structural damage generated in the

oxide by electrical stress. Breakdown is triggered when the accumulated damage reaches

a critical level.

Degradation can manifest itself in a variety of phenomena. During high field

oxide stressing, interface traps are created at the Si/Si02 interface [22.). Their density Diet

can be obtained from either C-V or charge pumping measurements. It has been claimed

that the interface trap density reaches a critical density at the moment of oxide

breakdown. In addition, traps are created in the bulk of the oxide that that can be filled

with either holes or electrons . This leads to a net positive or negative charging of the

oxide. This net charging manifests itself in a net increase of the tunnel current for

positive charging or a net decrease for negative charging.

Another phenomenon that occurs during oxide degradation is the generation of

stress induced leakage current (SILC) through the gate [23]. It manifests itself as a

current that is obtained at ever decreasing applied voltages when the fluence of injected

charge carriers increases. The SILC is caused by trap-assisted tunneling from the gate to

the substrate. The traps act as "stepping stones" for electrons to tunnel through the oxide.



25

This SILC itself is in some cases an important reliability problem. Leakage current

through the gate translates in a power waste problem in MOSFETs, resulting in reduced

battery life. It is also detrimental to the performance of traditional floating gate

nonvolatile memory devices, since it causes the charged that is stored on the floating gate

to leak off after continuous cycling. This is a problem that will be addressed in more

detail in later chapters.

It is clear that trap generation is the key factor in determining oxide degradation

and breakdown. Different models have been proposed that describe this process, but the

exact physical nature of trap generation is still under considerable debate.

2.5.4 Fabrication of Ultrathin Oxides

The gate dielectric's ultimate electrical performance is determined not only by its

composition and fabrication method (growth or deposition), but also by pregrowth

surface preparation and postfabrication processing such as plasma etching of the gate

stack. The interdependence between the various steps, especially surface preparation,

becomes more prominent for ultrathin gate dielectric layers, since the Si/Si02 interface is

a more significant part of the layer as it gets thinner.

Surface preparation is a more appropriate term than cleaning, since preparation of

the Si surface for subsequent oxidation is far more involved than merely removing

contamination. In fact, conditioning of the surface to result in its smoothest and cleanest

state is just as important a step as the actual dielectric fabrication. Among the important

physical attributes of ultrathin Si02 and the Si/Si02 interface that can be influenced by

surface preparation are interfacial roughness, interfacial transition layer width,

contamination level of the Si02 and the interface and chemical bonding structure at the
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interface . Wet cleaning currently dominates pregate oxidation clean applications. The

so-called "RCA clean" is the most widely used clean for removing organic compounds

and metals from Si wafers. Subsequent processing in HF removes the chemical oxide

that results from the RCA clean. Dry cleaning technology, so called because it involves

vapor or gas, and not liquid cleaning of the wafer surfaces, is presently the subject of

much research. This is driven primarily by the drive towards in situ, cluster tool

processing. Some research has already demonstrated oxide reliability increases due to

dry pregate oxide cleans.

Fabrication of ultrathin dielectric layers may be accomplished by growth or

deposition. Growth refers to thermal oxidation of the silicon. Deposition usually refers

to chemical or physical generation of the layer, not involving a reaction with the Si

substrate. The utter simplicity of growing thermal Si02 by exposing Si to 02 at elevated

temperatures, as well as the perfection of the resulting interface, are in large part

responsible for the success of Si as the integrated circuit material of choice. Virtually all

Si02 gate dielectrics are grown by thermal oxidation, using 0 2 or H20 as the oxidant

species. Since oxidation in H20 enhances oxidation kinetics, it is not generally used for

the growth of ultrathin films. Thermal oxides consume Si during growth, thereby

continuously creating a new and fresh interface. Thermal growth usually takes place at a

higher temperature than chemical or physical deposition, and higher fabrication

temperature has been associated with improved dielectric properties.

While the seminal paper by Deal and Grove [24] laid out the mechanism for

silicon oxidation, much still remains under debate, especially in the ultrathin regime. The

Deal-Grove model treats Si oxidation as the reaction of Si and 0 at the Si/Si02 interface,
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accomplished by diffusion of 02 through the growing oxide. For thick films, the model

predicts a parabolic dependence of oxidation time on thickness because the growth is

limited by diffusion. In thinner films, the model shows that the reaction rate at the

interface governs the growth and results in a linear relationship between the oxidation

time and thickness.

There are currently two primary thermal techniques for growing Si02, furnace or

rapid thermal oxidation, ITO. Oxidation usually takes place in the temperature range of

750-1100 °C. Furnace technology is still the manufacturing standard for ultrathin oxide

growth. Furnaces are robust and reliable and offer excellent thickness uniformity. In

addition it allows wafers to be processed in "batches". On the other hand, ITO offers

better absolute thickness control for oxides <20 A, a greater processing temperature

range, and is "cluster-friendly," i.e. processing chambers can be integrated for control of

interfaces. However, wafers are processed individually instead of in batches.

Chemical deposition processes are usually used when a lower thermal budget for

the dielectric growth step is desired. Since deposition kinetics are slow at such

temperatures (typically 350-600 °C), a plasma source is commonly used to activate the

reaction. Chemical deposition methods do not consume the substrate, unlike thermal

oxidation, and interfacial properties are usually inferior to those of thermal oxides. High

temperature anneals (>750 °C) are usually necessary to bring the electrical performance

up to the level of thermal oxides. Si02 layers have been deposited by chemical vapor

deposition (CVD). However, their application to ultrathin gate dielectrics will be limited

due to difficulties in controlling deposited layer thickness uniformity across large wafers.
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Atomic layer deposition (ALD), in which films are grown approximately one

monolayer at a time, has been used to grow ultrathin Si02 layers. This may be an

important technique to grow <5 A Si02 layers, useful as buffer layers between Si and

high- k gate dielectrics. ALD has the outstanding advantages of superb conformal

coverage as well as precise thickness control.

Crucial electrical performance parameters such as mobility and interface state

density are directly related to physical structure and chemical bonding at the Si/ Si02

interface. This interface does not reach its final configuration after oxidation, but rather

after all postoxidation processing has been completed. Since the interface is defined by

the last Si02 to form and the last thermal treatment it is exposed to, postoxidation

processing, which involves among other steps implant activation annealing,

polycrystalline Si deposition, and plasma etching and deposition, greatly impacts the

properties of the gate dielectric. It is generally agreed that annealing parameters play an

important role in device manufacturing. However, in most cases these parameters are

chosen empirically and not optimized.



CHAPTER 3

C-V CHARACTERIZATION OF ULTRATHIN SI02

3.1 Overview

For over two decades, capacitance-voltage (C-V) measurements of MOS structures have

been a key analysis tool for the semiconductor industry in understanding the electrical

properties of silicon dioxide as well as the properties of the Si/Si02 interface. However,

with continued scaling of the gate dielectric thickness into the direct tunneling regime,

<3.5 nm, the transport of carriers through the dielectric distorts the C-V characteristics,

rendering this technique no longer useful for future device characterization [25-33]. This

chapter describes an approach to overcome this difficulty using a leakage-compensated

charge method (LCCV) which can produce true static C-V curves even when the leakage

current is over five orders of magnitude larger than the displacement current that would

be expected in a corresponding quasistatic measurement.

In the first part of this chapter, the MOS system is introduced and its capacitance

behavior under a bias voltage. The following section explains the principle of the leakage

compensated charge measurement. Experimental results on oxides as thin as 2.4 nm will

be presented as well as a discussion of the results.

3.2 The MOS System

Figure 3.1 provides a schematic overview of the various regions associated with the gate

stack of a MOSFET.

29
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Figure 3.1 Cross-section of the gate stack in a MOSFET structure.

The gate dielectric (typically Si02) insulates the gate electrode from the silicon

substrate. Gate electrodes in modern CMOS technology are composed of highly doped

polycrystalline silicon. The interfacial regions between the gate dielectric and the gate

(upper interface) and between the gate dielectric and the substrate (lower interface) are

typically around 0.5 nm thick. These interfaces are particularly important with respect to

device performance. For instance, they represent a capacitance that can be relevant if the

thickness of the interface is substantial to the overall thickness of the dielectric. The

lower interface must be of high quality, i.e. low interface trap density in order to

minimize scattering in the top layer of the substrate, the channel region. Scattering in the

channel region adversely affects the mobility of charge carriers in the channel and

therefore the transistor drive current.

It is instructive to consider the energy band diagrams for an ideal MOS structure

with zero applied voltage depicted in Figure. 3.2.
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Figure 3.2 Energy band diagrams for an ideal MOS structure with zero applied voltage;
(a) on n-type silicon and (b) on p-type silicon.
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Figure 3.2(a) shows the energy band diagram for an MOS structure on an n-type

substrate, Figure 3.2(b) for a p-type substrate. For these ideal structures, at A = 0 applied

voltage on the gate, the work function difference between the gate and semiconductor

substrate, ms , is zero. Or,

where Om is the metal work function, x the electron affinity, Eg the bandgap of the

semiconductor (1.1 eV for Si) and tvB the potential difference between the Fermi level EF

and the intrinsic Fermi level E1. Under these conditions, the energy bands are flat across

the structure. A more typical case is that the Fermi levels of the gate and substrate are

misaligned by an energy difference and a voltage AFB, the flatband voltage, must be

applied to bring the Fermi levels into alignment. Many dielectrics, including Si02,

exhibit a fixed charge in the oxide, QF, however, resulting in a required A = VFB # 0 to

achieve a flat band condition.

3.3 The MOS System under Bias Voltage

Under a bias voltage the MOS structure acts as a nonlinear capacitor, i.e. the capacitance

varies with the applied voltage. There are three basic regimes of operation:

accumulation, depletion and inversion. An MOS structure on p-type silicon (Figure 3.2

(b)) will be used to illustrate the different regimes.



(a)
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(b)

(c)

Figure 3.3 A p-type MOS system under bias: (a) accumulation mode (A < OA),
(b).depletion mode and (c) inversion mode (A > OV).
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When a bias voltage V < 0 V is applied to the gate, holes will be attracted to the

interface between the gate dielectric and the substrate. The conduction and valence bands

bend upwards (Figure 3.3(a)) and since the majority carrier density (holes) depends

exponentially on the energy difference EF - Eve, holes will accumulate at the substrate side

of the gate dielectric. This is the "accumulation" mode. In this case, the gate dielectric

acts as a straightforward parallel plate capacitor whose capacitance is fully determined by

the gate dielectric.

Upon increasing the bias voltage — making it less negative at first, then slightly

positive — the energy bands will start bending downwards (Figure 3.3(b)). This

effectively increases the energy difference EF - Eve, causing the substrate region

immediately adjacent to the gate dielectric to be depleted of majority carriers. Hence the

term "depletion mode". Further increases in applied voltage will increase the width of

the depletion region. In this mode the gate dielectric no longer acts as a parallel plate

capacitor. Iather, the capacitance decreases with voltage as a result of an increasing

width of the depletion region. The capacitance of the MOS structure reaches its

minimum at a voltage at which maximum depletion is reached.

Further increases to larger positive gate voltages will bend the bands even further

(Figure 3.3(c)), so that the Fermi level will cross over the intrinsic level E1. At this point,

the minority carriers (electrons) in the region immediately next to the gate dielectric will

outnumber the majority carriers and the surface will become inverted. Hence the term

"inversion mode". The minority carriers appear at the surface by ways of a thermal

generation process that is time dependent. It is in this regime that the frequency
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dependence of the MOS capacitance primarily occurs since a certain time is needed to

generate the minority carriers in the inversion layer. Thermal equilibrium is therefore not

immediately obtained.

If the frequency of the AC signal with which the capacitance is measured, is low

enough, the minority carriers will be able to respond to the changing gate bias. As a

result, the inversion layer will be built up and the measured capacitance is equal to the

capacitance of the oxide. On the other hand, if the frequency of the AC signal is high, the

minority carriers will not be able to respond and the inversion layer will not build up.

Consequently, the measured capacitance will remain at the minimum value it achieved in

depletion mode. The voltage dependence of the capacitance of a p-type MOS structure as

described here, is shown in Fig. 3.4. Obviously, a similar behavior will be obtained for an

n-type MOS structure, with a C-V curve that is a mirrored curve of the one shown below.

Figure 3.4 Typical frequency dependence of C-V characteristics for a p-type MOS
structure.
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3.4 Leakage Compensated Capacitance Measurement

The capacitance characteristics for MOS structures as described in the previous section

are valid as long as the oxide is relatively thick, > 3.5 nm. However, as CMOS

technologies have evolved to include gate dielectrics that extend into the ultrathin regime,

< 3.5 nm, a significant direct tunneling current severely distorts the C-V characteristics of

the device, as will become clear from the next two figures. As can be seen in Figure 3.5,

the direct tunnel current through a 6.25x10 4 cm, 3.5 nm thick oxide reaches 10 pA at 1.5

V, a bias voltage where capacitance would be measured for the purpose of

characterization. In a 2.4 nm oxide of the same area, the leakage is more than five orders

of magnitude higher.
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Figure 3.6 demonstrates the effect that this direct tunnel leakage has on the

capacitance characteristics. The graph shows the quasistatic C-V curve of a 6.25x104

cm2
, 3.5 nm thick oxide measured at the relatively fast sweep rate of 50 mV/s, i.e. the

same device whose I-V characteristics are represented by the open bullets in the previous

figure. It is apparent that even a leakage current of several pA severely distorts the C-V

characteristics. It is obvious that the significantly higher leakage current of the 2.4 nm

oxide, as shown in the previous figure, will lead to an even greater distortion, making C-

V characterization of such oxides all but impossible.

Figure 3.6 Severely distorted Low Frequency C-V curve of a 3.5 nm oxide due to
leakage current.
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This problem can be overcome by using a new measurement method that makes

use of electronic circuitry to compensate for the leakage current. As will become clear

from the rest of this chapter, this measurement method produces true static C-V curves,

even for oxides as thin as the ones that have been discussed above.

The principle of a leakage compensated charge measurement is illustrated in

Figure 3.7. A small amplitude square wave signal V g(t) is applied across a MOS

capacitor at DC bias level VG. The total device current contains both a displacement

current component responding to the square wave and a DC tunnel leakage current

component. The device current is integrated, with the DC component being eliminated

using a feedback leakage compensation scheme. The output of the circuit Von is thus a

transient charge response waveform, A(t) generated by the applied small excitation

signal. If the response waveform is allowed to saturate, then the amplitude of the

waveform at a given bias is proportional to the static device capacitance, that is C(V) =

Qmax(V)/Vg, where Vg is the amplitude of the excitation square wave and A max  is the

maximum or saturation value of the transient charge response curve. Therefore, a C-V

curve is obtained by measuring Amax as a function of a varying bias voltage that sweeps

the MOS structure from accumulation, through depletion into inversion, or vice versa.
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Figure 3.7 Principle of a Leakage Compensated Charge Measurement.

3.5 Experimental Details

To fabricate the devices used in this work, active Si02 tunnel oxides of thickness 2.4, 2.8

and 3.5 nm are formed at 700 °C in dry 02 in windows opened in a field oxide grown on

<100> oriented, 0.005-0.05 ohm-cm, n-type silicon wafers. The active oxide is then

immediately covered by depositing polycrystalline silicon, which is phosphorous doped

approximately to degeneracy. Devices exhibit current-voltage (I-V) characteristics which

scale well both with device area and oxide thickness. Experimental data were acquired

using a standard personal computer that was equipped with a National Instruments AT-

MI0-16E-10 analog-digital/digital-analog converter board. LabVIEW was used to

develop fully automated measurement procedures. In particular, LabVIEW-based

programs were developed for the generation of the analog excitation signal and the
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acquisition of the digital response waveform. The test devices were mounted in a

HP16055A test box. High frequency C-V curves were measured using a HP4285 LCI

meter.

3.6 Experimental Results

3.6.1 LCCV on a 3.5 nm Oxide

This first section will discuss the results of a leakage compensated charge measurement

on an MOS structure with a 3.5 nm oxide. Figure 3.8 illustrates the transient waveforms

Q(t) in response to a 50 mV square waveform with a frequency of 1 Hz. As is clear from

the figure, the shape and amplitude of the output waveform vary with VG, for example

displaying a slow rise time in inversion where the minority carrier response time is long,

and conversely a fast rise time in accumulation where majority carriers can easily follow

the applied square wave signal. It must also be pointed out that the saturation of minority

carrier response is easily obtained as can be seen from the flatness at the end of each

section of the charge waveform. This assures that the measured curve is a static C-V

curve, instead of "quasistatic" as in the conventional approach.



Figure 3.9 is a 3-D graph of these transient waveforms A(t) as a function of

applied bias voltage VG, with the "front axis" being VG and the second planar axis being

time. The transient waveforms A(t) are represented by the dashed curves. The "right"

part of the graph depicts the device in accumulation as can be seen from the square wave

transient responses. The "left" part depicts the device in inversion as can be seen from

the slow rise time of the waveform. It is clear that the amplitude of the waveform in the

center of the graph is significantly smaller than that in accumulation or inversion. This is

expected since this part of the graph corresponds to the depletion regime of the device.

As explained in the previous section, the amplitude of the waveforms is proportional to

the capacitance (the vertical axis). Against the backwall of the graph these amplitudes
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are traced out for each bias voltage (the solid curve). This curve, therefore, traces out the

static C-V curve of the device.

Figure 3.9 3-D graph of transient waveforms A(t) as a function of bias voltage VG.

The C-V curve displays the expected static characteristics. In accumulation and

inversion, the capacitance saturates at a value that is typically the oxide capacitance, but

can also include quantum effects due to the finite width of the inversion layer as well as

polycrystalline silicon depletion when the substrate is in accumulation. As expected, the



43

capacitance goes through a minimum when the silicon is swept through depletion. It is

quite remarkable that this C-V curve can be obtained despite the presence of a large

leakage current.

The expected transition from a low frequency C-V characteristic to high frequency

behavior can be demonstrated by varying the frequency of the excitation square wave

signal. If the frequency is too high, then the minority carrier response in inversion does

not saturate, and thus the capacitance extracted from the the values of Q max  in this bias

region will not be the saturation value. This effect is shown in Figure 3.10, where the

minority carriers in the inversion layer are unable to reach equilibrium at frequencies less

than —2 Hz, and do not respond at all above —10 kHz.

Figure 3.10 Frequency dependence of C-V characteristics of 3.5 nm oxide measured by
LCCV method.
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3.6.2 LCCV on a 2.4 nm Oxide

This section presents the results of the LCCV method on oxides with a thickness of 2.4

nm. For oxides this thin, the tunnel leakage becomes so large that the circuitry alone is

not sufficient to compensate all of the device leakage. In this situation, the transient

response curves do not saturate as in Figure 3.8, but rather they display the behavior

presented in Figure 3.1 . 1. In both cased, response curves are shown for five different

excitation signals amplitudes ranging from 30 mV (solid curves) to 70 mV (dotted

curves). The charge transient amplitude for a 2.4 nm oxide increases indefinitely,

varying linearly with time once "saturation" is achieved.

Figure 3.11 Transient waveforms Q(t) in accumulation and inversion for a 2.4nm oxide.
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The slope of this variation, dA/dt is found to increase linearly with the excitation

pulse amplitude, as shown in Figure 3.12. We term dA/dt an "excess" leakage current

since it is not accounted for by our circuitry.

Figure 3.12 Excess leakage current dA/dt as a function of pulse amplitude Vg .

Because of the straightforward relationship with the excitation pulse amplitude,

the excess leakage is easy to account for numerically. Independent of our choice of

excitation pulse height, subtracting the linearly increasing component of the response

curve leads to recovery of the "normal" behavior of Figure 3.8. It is important to note

that the total tunnel leakage through this oxide can be as high as 10 -7 A, while a

quasistatic capacitance measurement would have to detect a displacement current on the

order of —1 pA. Thus our charge compensation circuitry has eliminated most of the

leakage current, and left only a small "excess" leakage to be dealt with numerically.
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In Figure 3.13 we present a high frequency C-V for the 2.4 nm oxide as well as the

static C-V's obtained both without and with numerically compensating the "excess"

leakage. The fully compensated static curve (solid triangles) shows that even at the

measurement frequency of 2 Hz, which was sufficient to achieve minority carrier

equilibrium in 3.5 nm oxides, the minority carriers in the thinner oxide device cannot yet

achieve equilibrium. This might be expected because of the higher fields present in the

thinner system. More importantly, the fully compensated data show that it is possible to

measure static capacitance even in oxides as thin as 2.4 nm. Clearly from the high and

low frequency curves presented for this device it will be possible to use the leakage

compensated charge method to extract defect and interface state information for devices

having such a thin oxide.

Figure 3.13 C-V characteristics of 2.4 nm oxide before and after numerical processing of
the excess leakage current.
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3.7 Summary

In this chapter a charge measurement method has been described to determine C-V

characteristics of ultrathin silicon oxide dielectric, MOS device structures in which

significant leakage current is present. The leakage is accounted for using a current

compensation circuitry.

C-V curves have been measured for oxides between 2.4 and 3.5 nm thin. From the

results on 3.5 nm oxides it is found that the minority carrier response saturates easily,

making this a true, static C-V measurement as opposed to the standard quasistatic

technique. In addition, the expected frequency dependence of the capacitance has been

observed. This allows the classical high frequency - low frequency capacitance (HLCV)

method for obtaining the interface state level.

In the thinnest oxides (2.4 nm), an "excess" leakage current is observed that can not

by compensated for by the circuitry alone. However, the excess leakage current is found

to increase linearly with the excitation signal amplitude and can therefore be easily

compensated for by additional numerical processing. The significance of these findings

lie in the fact that this measurement method extends the range of application of

capacitance characterization of silicon oxides well into the direct tunnel thickness regime.



CHAPTER 4

CHARACTERIZATION OF HAFNIUM OXIDE GATE DIELECTRICS

4.1 Overview

The rapid shrinking of the MOSFET feature size has forced the gate dielectric thickness

to decrease simultaneously in order to increase device performance. The current CMOS

gate dielectric, Si02, can probably scale to a thickness of the order of 10 A. Further

scaling of the Si02 thickness will not be possible. In addition, dielectrics that are this thin

exhibit a large direct tunnel leakage current. This may not be a prohibiting factor for

improvement of high performance devices (desktops), but certainly is a concern for low

power (laptops) applications, where the leakage current is a drain on battery life. One

solution may be replacing the gate dielectric of choice, Si02, with a material that has a

higher dielectric constant. Such an alternative gate dielectric would allow a thicker

physical gate dielectric to be used without a reduction in oxide capacitance, and therefore

performance.

This chapter will first explore the possible candidates to replace Si02 and their

materials properties. It will show that one particularly promising candidate is Hf02. The

rest of the chapter is devoted to our own exploration in this field, the fabrication and

characterization of thin Hf02 films that are deposited by Metal Organic Chemical Vapor

Deposition (MOCVD) and Alternating Layer Chemical Vapor Deposition (ALCVD).

These techniques were chosen because they offer a high level of controllability over the

deposition process.

48
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4.2 Materials Properties Considerations

It is mentioned in the introduction above that an alternative gate dielectric with a higher

dielectric constant than Si02 allows the physical thickness of the gate dielectric to be

larger without losing device performance. This can be understood by considering the

gate dielectric as a parallel plate capacitor. It must be noted that this is an accurate

assumption as long as quantum effects and polysilicon depletion from the substrate and

gate are small enough [20]

Where lc is the relative dielectric constant (3.9 for Si02), Eon the permittivity of free space

(8.85x 10e-11 fF/um), A the area under the gate dielectric and t o. the thickness of the

gate dielectric. It is clear from this equation that a layer of a material with a dielectric

constant that is, for instance, 5 times larger than Si02, can have a physical thickness that

is 5 times larger in order to get the same capacitance. In other words, a 50 A layer of a

material with a dielectric constant equal to 20 will have an equivalent oxide thickness t og

of 10 A.

Selecting a gate dielectric with a higher permittivity than that of Si02 is clearly

essential. It is expected that the permittivity of the gate dielectric of choice will have to

be larger than 15, although a lower permittivity may be a short term solution in the

absence of a material with a high permittivity. The required permittivity must be

balanced, however, against the barrier height for the tunneling process. For electrons

travelling from the silicon substrate to the gate, the barrier height is given by the

conduction band offset: AEI  = q(x - (Om - BOB)). For electrons travelling from the gate to
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the substrate it is simply OBE. Since direct tunnel leakage current exponentially increases

with decreasing barrier height, it is essential that the bandgap and conduction band offset

are sufficiently high.

A third requirement is thermal stability of the alternative gate dielectric on silicon,

i.e. they do not react with the substrate to form an undesirable interfacial layer. Such a

layer may improve the interfacial quality of the dielectric with the substrate, but it

severely limits the maximum attainable gate stack capacitance and therefore, the

minimum attainable teq. This effect of reduced capacitance can be seen by noting that,

when the structure contains several dielectrics in series, the lowest capacitance layer will

dominate the overall capacitance. The largest benefit of using Si02 as the underlayer of a

stack (at the channel interface) is that the unparalleled quality of the Si0 2 — Si interface

will help maintain a high channel carrier mobility. However, this would introduce a

second interface between the underlayer and the high-k dielectric that can potentially be

another source of charge trapping.

A clear goal of any potential high-k gate dielectric is to attain a sufficiently high-

quality interface with the silicon substrate, as close as possible to that of Si02. It is

difficult to imagine any material to have a better interface, since typical CMOS Si02 gate

dielectrics have a midgap interface state level density of 10 10 eV"1 cm-2 . Almost all highs-

k materials reported to date have an interface state density of 10 11 , 10 12 eV"1 cm2 and

exhibit a flatband voltage shift larger than 300 mV, caused by a fixed dielectric charge in

excess of 10 12 eV"1 cm2 . If alternative gate dielectrics are ever to be employed in device

structures, it is crucial that the interfacial properties are significantly improved.
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Most of the advanced gate dielectrics studied to date are either polycrystalline or

single crystal films. It may be desirable to select a material which remains in an

amorphous phase throughout the necessary processing treatments. Polycrystalline gate

dielectrics may be problematic because grain boundaries serve as high-leakage paths and

this may lead to the need for an amorphous interfacial layer to reduce leakage current.

Single crystal oxides grown by MBE or ALCVD methods can in principle avoid grain

boundaries while providing a good interface, but these materials also require

submonolayer deposition control. Given the concerns regarding polycrystalline and

single crystal films, it appears that an amorphous film structure is the ideal one for the

gate dielectric.

A significant issue for integrating any advanced gate dielectric into standard

CMOS is that the dielectric should be compatible with silicon-based gates, rather than

require a metal gate. Silicon-based gates are desirable because dopant implant conditions

can be tuned to create the desired threshold voltage for both NMOS and PMOS, and the

process integration schemes are well established in industry. Nearly all of the potential

advanced gate dielectrics investigated to this point, however, require metal gates. This is

expected because the same instability with silicon will exist at both the channel and the

poly-Si gate interfaces. Metal gates are very desirable for eliminating dopant depletion

effects.

There are two basic approaches toward achieving successful insertion of metal

electrodes: a single midgap metal or two separate metals for NMOS and PMOS. The first

approach is to use a metal, such as TiN, that has a work function that places its Fermi

level at the midgap of the Si substrate. These are generally referred to as "midgap
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metals." The main advantage of employing a midgap metal arises from a symmetrical

value of the threshold voltage for both NMOS and PMOS, because by definition the same

energy difference exists between the metal Fermi level and the conduction and valence

bands of Si. The second main approach toward metal electrodes involves two separate

metals, one for PMOS and one for NMOS devices. Two metals could be chosen by their

work functions, Om , such that their Fermi levels line up favorably with the conduction

and valence bands of Si, respectively.

A crucial factor in determining the final film quality and properties is the method

by which the dielectrics are deposited in a fabrication process. The deposition process

must be compatible with current or expected CMOS processing. Alternative dielectrics

have been deposited through a variety of processes, such as PVD (sputtering), MOCVD,

MBE and ALCVD. Especially films deposited using ALCVD have shown very

promising electrical and structural properties, largely due to the submonolayer deposition

control that is attained by ALCVD.

A final factor that is important to the selection of the appropriate gate dielectric is

dielectric reliability. To date, almost all gate dielectrics have breakdown voltages that are

too low (< 5 MV/cm) for practical use.
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4.3 Status of Alternative Gate Dielectrics

Table 4.1 is a compilation of potential high-k candidates and their materials properties. It

is immediately clear that all the alternative gate dielectrics have a bandgap and a

conduction band offset smaller than Si02. This is important to point out, since both of

these properties are a measure of barrier height. A lower barrier height enhances direct

tunneling through the dielectric, and therefore, part of the advantage of using a thicker

dielectric will be eliminated due to increased tunnel leakage.

Many of the materials initially chosen as potential alternative gate dielectric

candidates were inspired by memory capacitor applications. [42] The most commonly

studied highly gate dielectric candidates had been materials systems such as Ta205,[36-
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41], SrTiO3,[42-44] and Al203,[45-49] which have dielectric constants ranging from 10

to 80, and have been employed mainly due to their maturity in memory capacitor

applications.

With the exception of Al203, however, these materials are not thermodynamically

stable in direct contact with silicon. This thermodynamic stability is not a requirement

for memory capacitors, since the dielectric is in contact with the electrodes. Oxynitrides

and oxide/nitride reaction barriers between these high metal oxide materials and silicon

in an attempt to prevent or at least minimize reaction with the underlying silicon. It is

important to note, however, that using an interfacial layer of Si02 or another low

permittivity material, will limit the highest possible gate stack capacitance, or

equivalently, the lowest achievable (eq.

Alumina (Al203) is a very stable and robust material, and has been extensively

studied for many applications., Iegarding its usefulness as an alternative gate dielectric,

Al203 has many favorable properties, as shown in the table above, including a high band

gap (8.7 eV), thermodynamic stability on Si up to high temperatures, and is amorphous

under the conditions of interest. The drawback is that alumina only has a dielectric

constant of 8 to 10 making it a relatively short-term solution.

Atomic layer CVD (ALCVD) Al203 has been studied both physically and

electrically, in particular to better understand the interface formed between Si and Al203

deposited by this technique [50]. It was shown that using this technique Al203 could be

deposited without forming an interfacial Si02 layer. In addition, transistor data, revealed

a leakage current density of 0.1 A/cm2 for an equivalent oxide thickness of 13 A,

showing a reduction in leakage current of two orders of magnitude. The channel carrier
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mobility was found to be a factor two smaller. Furthermore, a flatband voltage shift on

the order of 700 mV was observed corresponding to a negative fixed oxide charge of 10 12

/cm. Most high-k films show a large flatband voltage shift.

A substantial amount of investigation has gone into the metal oxides Ti02,[51-

53], Zr02,[54-571 and Hf02,[58-65] as these systems have shown much promise in

overall materials properties as candidates to replace Si02. The Ti02 system has been

heavily studied for high- k applications both for memory capacitors and in transistors. It

is attractive because it has a high permittivity of 80— 110, depending on the crystal

structure and method of deposition. Full transistors using CVD Si02 as the gate dielectric

displayed relatively large interface state density (10 12/cm2 eV) and leakage currents were

also unacceptably high in the transistors.

Encouraging results of both CVD and sputtering of Zr02 and Hf02 have been

reported by others. Using ALCVD highly uniform layers as thin as 20 A have been

deposited on a very thin layer of Si02. The thin oxide layer was intentionally grown in a

thermal anneal. This layer serves a dual purpose by providing a high quality interface

and at the same time a reactive surface on which to deposit the dielectric. Very low

leakage currents of 10 1 A/cm2 were reported and C-V characterization revealed

hysteresis effects on the order of 80 mV, indicating the presence of charges in the films.

Additionally, low electrical breakdown fields of 4 MV/cm were found.

More recent work has been reported on another class of candidates, so called

metal silicates, such as Hf„Siy0, or Zr„Siy0z, indicating that such materials exhibit

encouraging gate dielectric properties [66-71]. Both materials have the same underlying

principle of mixing a high-k crystalline metal oxide such as Hf02 or Zr02 with an
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amorphous, stable lower-k materials such as Si02 to obtain a morphology with suitable

properties for a CM0S gate dielectric. The effect of adding Si02 to metal oxides is to

produce an amorphous film that is thermodynamically stable on silicon. The overall

permittivity of the alloy is inevitably lower than that of the pure metal oxide, but this

tradeoff can be adequate for better stability.

It is tempting to wonder though, whether the work on silicates is an attempt at

improving the dielectric properties of pure metal oxides simply by making them "look

more like Si02". It can surely be expected that by adding Si02 to pure metal oxides,

important properties such as interface quality will improve, since the silicate has a

chemical composition closer to Si02 than a pure metal oxide.

4.4 Experimental Details

The devices that have been investigated in this research were largely fabricated in the

NJIT cleanroom facility. The deposition of the hafnium oxide was done in the reactor of

Structured Materials Industries, Inc. Windows were opened in a field oxide grown on

<100> oriented, 0.005-0.05 ohm-cm, n-type silicon wafers. Subsequently, the hafnium

oxide was deposited in a Iotating Disk Ieactor Chemical Aapor Deposition (IDI-CAD)

system. The deposition was carried out at a temperature of 350°C, a chamber pressure of

20 Corr and a deposition time of four minutes. The precursor used during deposition was

hafnium-tertiary-butoxide (Hf(C4H90)4)) while the oxidizer used was 02. Two modes of

deposition were evaluated for this study: M0CAD, where precursor and oxidizer flowed

simultaneously in the reactor, and ALCAD, where the precursor and oxidizer alternately

flowed with a 50/50 duty cycle or a 90/10 duty cycle. More detailed deposition

parameters can be found in Appendix A. Upon finishing the deposition, patterned front
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side aluminum contact pads were sputtered on. The final step in the process was

aluminum sputtering of the backside of the wafer.

All electrical measurements were done using an HP4285 LCI meter and an

HP414OB pA meter. Devices were mounted for testing in a probe station. The data were

acquired using a standard personal computer, equipped with a GPIB data acquisition

card. In addition, measurements were fully automated using LabVIEW programming

software.

4.5 Results and Discussion

4.5.1 Hafnium Oxide Thickness

Figure 4.1 and 4.2 show images of an M0CVD wafer after deposition (Figure 4.1) and an

ALCVD wafer after deposition (Figure 4.2). It is clear that the ALCVD wafer looks a

little darker than the M0CVD wafer, indicating a thicker deposited layer. While this was

generally found to be true, it is more important to notice the concentric ring in each of the

images. This concentric ring is the area of the wafer where significant, measurable

hafnium oxide deposition took place. Naturally, this suggests a strong thickness

nonuniformity across the wafer. While an optimised process that produces thickness

uniformity obviously is desirable, it does not prevent us from characterizing the wafers.

It merely limits the number of devices available for characterization since the devices that

lie outside the concentric ring lack sufficient deposited hafnium oxide.
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Ellipsometry was performed on the wafers to further investigate the thickness of

the deposited layers. This revealed that the ALCVD wafers indeed had thicknesses that

were typically on the order of 2O A higher than the M0CVD wafers as was already

suspected from the slight color difference. However, it is more important to note that the

thickness variation within the concentric rings was much larger than the thickness

variation between the wafers. The thickness of the deposited hafnium oxide layer on the

M0CVD wafer ranged from 11O A to 28O A. 0n the ALCVD wafer, the thickness

within the concentric ring varied between approximately 13O A and 3OO A.

4.5.2 Electrical Characterization

Capacitance-voltage and current-voltage measurements were performed on devices from

both wafers. Figure 4.3 displays two high frequency C-V curves taken on a 1Ox 1O pt,m 2

device with a hafnium oxide thickness of 140 A. The first curve was measured from —3

V to +3 V, the second subsequently from +3 V going back to —3 V. The first observation

is that the C-V curve is a well behaved curve, i.e. it shows the accumulation regime, a

decreasing capacitance in depletion and finally a leveling off at a low capacitance in

inversion. It becomes immediately clear that the curves display a hysteresis in their

capacitance behavior. Undoubtedly this is due to trapping and detrapping of charge

carriers in the interfacial region and possibly the bulk of the hafnium oxide. The flatband

voltage shift can be estimated to be on the order of —6OO mV, indicating a presence of a

fixed positive oxide charge. While one prefers not to observe phenomena such as

hysteresis and a relatively large shift in the flatband voltage, it is important to point out

that the observations as described above are common in alternative gate dielectrics.
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In accumulation the capacitance is seen to level off at a value of 2O pF. From the

parallel plate approximation C = lc c o A / tox, one can calculate the dielectric constant:

constant of 13 for hafnium oxide devices is on the low end of what has been reported [72-

74]. The is most likely due to the formation of a thin Si02 layer at the silicon — hafnium

oxide interface. In addition, a low dielectric constant of 13 suggests that the hafnium

oxide film is not of a pure Hf0 2 nature. Most likely the film has a lower density than one

would expect for a true Hf02 dielectric.

Figure 4.3 C-V characteristics of a 14O A hafnium oxide film.
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Figure 4.4 shows the current-voltage characteristics of a 1Ox1O m2 device on the

same chip as the previous device. This device can thus be expected to have a hafnium

oxide thickness of approximately 14O A as well. It is immediately apparent that the

current is rather high considering this is a relatively thick oxide. Auantum mechanical

tunneling is virtually nonexistent for an oxide that has a thickness of 14O A. The rapid

increase in the current at low voltages is probably due to electrons traversing the hafnium

oxide from the gate to the silicon substrate by hopping from bulk trap to bulk trap. As

became clear from the C-V characteristics in the previous figure, these devices have a

large trap density, and therefore such a hopping scenario is likely. The additional

"hump" that is observed at 3.5 V is probably related to defects at the interface. The

scattering that starts at 5.5 V is the onset of breakdown of the dielectric and at 6 V the

dielectric has broken down. For this particular oxide, this translates into a breakdown

field of 3.5 MV/cm, again a value that is not uncommon to what others have reported for

hafnium oxides deposited by chemical vapor deposition[72-74].
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Figure 4.4 I-V characteristics of a 14O A hafnium oxide film.

Figure 4.5 shows sequential current-voltage characteristics on the same device as

the previous figure. The current was measured as a function of bias voltage for three

consecutive runs from O V to + 4 V and back to O V. A measurement like this gives

insight into the charging dynamics of the device. Since these devices have large trap

densities it is expected that significant charging will take place. The initial current

response (solid triangles up) to an increasing bias voltage is the same as the one shown in

the previous figure. Note how the "hump" is also clearly visible in this graph. 0n

reducing the bias voltage back to O V (open triangles up), the current is less than during

the first run up. This is evidence that the device has become charged negatively during
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its initial run up. 0n the second run to + 4 V (solid circles) and back to O V (open

circles) the same effect is observed, but less pronounced. Note how both currents during

the second run are lower than those of the first run. This indicates that during the first

run traps in the bulk oxide and possibly the interface have filled with electrons and the

device as a whole stayed negatively charged after the first run. During the third and final

run the currents during the positive ramp and the negative ramp more or less coincide.

This indicates that the charging of the device reaches a saturation. Subsequent runs

would only reinforce that view.

Figure 4.5 Sequential I-V runs showing the charging dynamics of the dielectric.
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4.6 Summary

This chapter describes the fabrication and characterization of thin hafnium oxide

dielectrics. Hafnium oxide was deposited using a Iotating Disk Ieactor CVD system.

Films were deposited by an M0CVD and ALCVD process. Both processes were found to

yield essentially the same results. The deposition produced a strongly nonuniform film

with significant, measurable hafnium oxide concentrated in a concentric ring. The range

of thicknesses within the concentric ring was found to be between 11O A to 28O A.

Capacitance-voltage characterization showed the device to have electrical

characteristics such as hysteresis and a large flatband voltage shift that is commonly

found in materials such as the one that was investigated in this work. Additionally, a

dielectric constant equal to 13 was found from the oxide capacitance. Current-voltage

characteristics reveal a large leakage current caused by a high trap density in the bulk

oxide and significant negative charging effects.

The electrical characteristics that are reported here suggest on the one hand the

presence of an interfacial Si02 layer that has an adverse effect on the dielectric constant.

In addition, it must be concluded that the physical character of the hafnium oxide film is

most likely of a less than pure Hf02 nature.

This work entailed a possible solution to overcome the presence of a large direct

tunnel leakage current in conventional silicon dioxides by replacing it with a material

with a higher dielectric constant. This work, and the knowledge of what others have

reported, leave the author believing that alternative gate dielectrics may not be the

answer. The answer will most likely be found in alternative silicon-based transistor

structures, such as vertical transistors or dual-gate transistors.



CHAPTER 5

THE MULTILAYER CHARGE INJECTION BARRIER

5.1 Overview

The ability to grow stacks of alternating layers of ultrathin silicon and silicon dioxide, or

MultiLayer Charge Injection Barriers (MLCIBs), opens many new possibilities to

develop silicon-based device concepts that were previously impossible to fabricate.

MLCIBs consist of alternating, ultrathin layers of silicon and silicon dioxide, with

thicknesses typically ranging from 1O A to 4O A. At this thickness, the insulator is in the

direct tunneling (DT) charge transport regime. These barriers have been used in several

electronic applications such as stacked vertical tunnel transistors[75], resonant tunneling

structures with the possibility of room temperature operation[76], silicon-based single

electron memory structures[77], and even coupled quantum devices with possible uses in

quantum computing[78]. 0ptical studies have also been performed on silicon/silicon

dioxide heterostructures but optical applications have not yet been developed [79,8O].

To date, no one has presented a detailed study of the electronic properties and in

particular the charge transport dynamics of silicon-based MLCIBs. This chapter will fill

that void. Two systems have been studied in detail: a double barrier Si02/Si/Si02 on an

n-type silicon substrate and the same structure on a p-type substrate.
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5.2 Introduction

While the use of multilayer structures in III-V semiconductors is widespread, largely

because of the existence of Molecular Beam Epitaxy (MBE), their incorporation in

silicon-based devices is not common, due in part to the issue of how to fabricate ultrathin,

continuous silicon layers separated by quality tunnel oxides. A number of device

concepts have been developed using MLCIBs, with the earliest applications involving

resonant tunneling and quantum wells. Early attempts to observe resonant tunneling in

silicon-based material focussed on silicon microcrystallites embedded in a matrix of

amorphous silicon dioxide [81]. These observations indicated that resonant tunneling

might occur at low temperatures. However, producing distributions and sizes of

microcrystallites embedded in silicon dioxide in a controllable way proved to be too

challenging. Extensive work in silicon based resonant devices has been done by Tsu

[82,83] and independently by Seabaugh [76] to form continuous thin layers of crystalline

silicon using epitaxy. Their work shows that it is possible to form thin continuous layers

of silicon sandwiched between layers of amorphous silicon dioxide (MLCIBs), and

indications of resonant tunneling have been observed, but not at room temperature.

Interface roughness is thought to diffuse the resonant tunneling.
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5.3 Double Barrier on n-Type Substrate

This section will present in detail the electronic properties and charge transport dynamics

of a double barrier silicon/silicon dioxide structure on n-type silicon.

5.3.1 Device Fabrication

Single crystal silicon wafers doped with —3x1O 16 phosphorous atoms per cm 3 (n-type) are

used as substrates. 0n each wafer, windows are opened in a field oxide in which an

amorphous layer of Si02, nominally —35 A thick, is grown by a rapid thermal oxidation

(IT0) in 02 at 1O5O °C. Without removing the sample to atmosphere, a thin, —7O A,

undoped layer of Si is then deposited by Iapid Thermal Chemical Vapor Deposition

(ITCVD). This layer is amorphous and continuous after deposition, but becomes

nanocrystalline during subsequent processing. Next, a second amorphous Si02 layer,

again —35 A thick, is formed at 1O5O °C by IT0 of the ITCVD Si layer. The growth of

this second Si02 layer consumes about 44 % of the undoped Si layer. Finally a 2OOO A

layer of in-situ doped, nearly degenerate polycrystalline Si, —1O 20 phosphorous atoms per

cm3 , is deposited by ITCVD. Al/Ti gate contact pads are formed by a lift-off process

and aluminum is deposited for the back electrode.

Electrical characterization of the diodes is performed using an HP4140B

picoammeter/DC voltage source and an HP4284A precision LCI meter/DC voltage

source. All data was acquired using a standard personal computer running LabVIEW.

A. high-resolution transmission electron micrograph of the barrier portion of the

diode is shown in Figure 5.1.
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Since the Si lattice constant is —5.34 A and the crystalline substrate is <100>

oriented, the diagonal rows of atoms in the bottom portion of Figure 1 are <111> planes

spaced —3.84 A apart. This allows us to estimate the physical thickness of the different

layers. The first amorphous Si02 layer is approximately 35 A thick, while both the

intermediate nanocrystalline Si layer and the second amorphous Si02 layer are

approximately 50 A thick. It is important to point out that the presence of parallel planes

of atoms in the center Si layer clearly indicates that while this film is continuous, it is

nonetheless made up of nanocrystalline grains which might be expected to exhibit bulk
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properties such as the existence of a bandgap and the usual Si-Si02 interface potential

barrier height. The work presented in this paper confirms this expectation. We note that

because of nonuniformities in the thickness of the two oxide layers, particularly the

second layer which is grown on the intermediate nanocrystalline Si, and because of the

exponential dependence of tunneling on thickness which causes most of the current to

tunnel through the thinnest part of the barrier, it is not unreasonable to approximate both

barriers as having roughly the same electrical thickness, —35 A.

5.3.2 Current-Voltage Characterization

In order to interpret the current characteristics of this structure, it is instructive to first

consider the band diagrams.

Figure 5.2 Energy band diagrams for a double barrier structure on an n-type substrate.
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Figure 5.2 shows a schematic energy band representation of the double barrier

structure on an n-type substrate at zero applied bias. The multilayer dielectric is

sandwiched between the n+ polycrystalline Si gate contact (left) and the n-type substrate

(right). The undoped, intermediate nanocrystalline Si layer separates both ultrathin

oxides. This layer is thin enough that it can be thought of as a quantum well, but with a

continuum of levels above the conduction band edge due to thermal and well thickness

variations. At zero bias, little or no charge is expected to tunnel between the substrate

and the gate. Also, because the gate Fermi level is opposite the bandgap of the

intermediate Si well, there are no states available in the well through which electrons can

tunnel. When a negative voltage is applied to the gate such that the conduction band of

the polycrystalline gate contact lines up with the conduction band of the well, a strong

turn-on of the current is expected, because electrons will be able to tunnel directly to the

substrate via available states in the well. 0n the other hand, at a positive voltage such

that the conduction band of the Si substrate lines up with the conduction band of the well,

another strong turn-on of the current is expected, because electrons will be able to tunnel

directly to the gate via available states in the well.

A measured I-V curve that confirms this operational description of the structure is

shown in Figure 5.3. The significance of this confirmation lies in the fact that it shows

that ultrathin silicon dioxide layers have a bandgap and potential barrier height that are

similar to that in bulk silicon dioxide. Note that a strong turn-on of the current is

observed at a gate bias of —O.8 V corresponding to tunneling from the gate to the

substrate via the well. Also, a strong turn-on of the current is observed at -40.3 V

corresponding to tunneling from the substrate to the gate, again via the well. The
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scattering in the range from —O.8 V to +O.3 V is noise at the resolution limit of our

measurement system, indicating that negligible transport occurs across the double barrier

in this bias region, thus creating a "window" of operation in the I-V curve, analogous to

that seen for FN tunneling through thicker single oxides. The saturation of the current at

negative gate bias levels beyond —1.2 V is due to limited charge generation in the

substrate, which can be minimized if a more heavily doped substrate is used. This would

have the additional benefit of a shift in the current turn-on voltage for positive biases to a

higher value, widening the "write/erase window". The use of multiple intermediate

silicon layers would have a similar effect.

Figure 5.3 Current vs. Voltage for double barrier on n-type substrate.
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Figure 5.4 Current vs. Voltage curve for a double barrier on an n-type substrate between
0 V and 10 V.

In Figure 5.4 an I-V curve is measured for gate biases between zero and +10.O V.

The initial gradual increase in current is due to an increase in direct tunneling of electrons

through the two trapezoidal oxide barriers, from the substrate to the gate via the well. At

+6 V the current increases at a higher rate, corresponding to the onset of FN tunneling

across one of the oxides. This is illustrated by the dashed lines in Figure 5.4 and by the

band diagram of Figure 5.5(a). The apparent current increase at +6 V actually begins at

roughly +3.5 V and is consistent with a transition from direct tunneling through both of

the barriers at lower voltages to FN tunneling through the barrier nearest the gate. It is

important to note that in this interpretation conduction via the well includes tunneling via
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the highest accessible states. We also note that the onset of a current increase at +9 V

supports this interpretation. This increase is just observable in the figure as a slight

upturn in the I-V, and is consistent with a transition at —6.5 V to FN tunneling through

the barrier nearest the substrate, as illustrated in Figure 5.5(b), and perhaps also to

injection over the barrier nearest the gate.

5.3.3 Capacitance-Voltage Characterization

Further characterization of the diode structure has been performed through capacitance-

voltage (C-V) measurements. Figure 5.6 shows both high frequency (HF) and low

frequency (LF), or quasi-static, C-V curves. At 100 kHz a conventional HFCV curve is

obtained featuring the expected accumulation, depletion and deep depletion regions.

With the substrate in accumulation, the saturation capacitance of 11.6 pF is in close

agreement with a calculated barrier capacitance of 12 pF assuming a total oxide thickness

of 70 A. Also shown are LFCV curves at six different sweep rates ranging from 15 mV/s

to 125 mV/s. The total device current measured in any sweep direction consists of both

tunnel and displacement current components. Since the polarity of the displacement
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current depends on the sweep direction, the quasistatic capacitance is extracted from the

total measured current in both sweep directions by subtracting the total measured current

for the negative sweep direction, I tot_, from the total measured current for the positive

sweep direction, tot+, and dividing the difference by twice the magnitude of the sweep

rate. That is:

The LFCV curves appear to reach their saturation capacitance at —0.4 V. This saturation

is consistent with that measured at 100 kHz, though it occurs at a much lower bias level

than in the HFCV. In the voltage range from +O.5 V to —O.5 V the LFCV curves sweep

from accumulation, through depletion into inversion. The peak structure at voltages

beyond —O.5 V is largest for the slowest sweep rate and is attributed to a decreasing

ability of the slow minority carriers to respond to the linear voltage ramp at increasing

sweep rates. By comparing the HF and LF C-V curves near the flatband condition we

estimate that the density of interface state levels at the crystalline silicon surface is on the

An interesting feature of the LFCV's is the quick rise to saturation at the onset of

accumulation, which corresponds to the onset of direct tunneling, followed by a rollover

to a steadily decreasing capacitance. This may be attributed to a polycrystalline Si

depletion effect, which may be the case, but it is important to note that the rollover is

only seen in the LFCV measurements. The HFCV shows the usual gradual rise to

saturation, so if polycrystalline Si depletion is occurring, it is not due to doping, but

rather due to an effect which turns on with the transition to accumulation, i.e., with the

onset of direct tunneling via states in the well. Further insight into this effect can be
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obtained by examining our LFCV measurement technique more closely. The LFCV

initial rise above the HFCV, followed by a fall below the HFCV is simply an indication

of a small hysteresis in our measured response of the structure to the voltage ramp swept

in the two directions. While this is a small effect in these devices, it is worth noting, and

the origin of the effect will become clearer with our investigation of the double barrier

fabricated on p-type substrates.

Figure 5.6 C-V characteristics of double barrier on n-type substrate.
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5.3.4 Degradation

Shown in Figure 5.7 are I-V curves measured after 10, 10 2, 103 , 104 and 105 electrical

stress. The bias was switched between -1.5 V and + 1.5 V at a frequency of O.3 Hz. It is

apparent that the I-V characteristics are identical up to 10 5 electrical stress cycles,

indicating that the repeated injection of charge across the double barrier has not degraded

it at all. This is consistent with the expectation that charge carriers can tunnel through an

ultrathin oxide without damaging it as long as the voltage across it is held within the

This also opens the possibility to a new device structure

based on these layered tunnel dielectrics, as will become clear further in this section.

Figure 5.7 Degradation I-V curves.
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The spread between the positive and negative voltage at which the current is equal

to 3.16.10" 14 A (as indicated by the line) is defined as the "window" of operation of the

device. It is clear that the current within this window is below the noise level. It is

obvious from Figure 5.7 that the window is unaffected by repeated stress. The following

figure, Figure 5.8, shows how the window is affected by up to 109 stress cycles.

Vertically depicted are the voltages at which the current reaches our threshold value of

3.16.10- 14 A. The horizontal axis represents the number of stress cycles. It may appear

that the window has widened slightly. This is not the case for the following reason. The

first five points (10 cycles up to 10 5 cycles) are measured on the same device and are

taken from Figure 5.7. However, the last point at 10 9 stress cycles was measured on a

different device that had a slightly wider window to begin with. Figure 5.8 shows us that

the barrier remains intact even after 109 cyclesThis is a remarkable result.

Figure 5.8 Width of the window vs. number of cycles.
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5.3.5 Double Barrier as Tunnel Dielectric in Nonvolatile Memory Devices

From the previous sections it has become clear that two key properties of the multilayer

charge injection barrier have been established: first, an inherent resistance to degradation

due to the use of ultrathin silicon dioxide and secondly, a window of operation in the

current characteristics, in which there is negligible conductance. These two key

properties suggest that this dielectric may be used as the active tunnel dielectric in

traditional floating gate nonvolatile memory devices. These properties of the structure

therefore facilitate a new device application for MLCIBs. This is a topic that will be

discussed in the next chapter.

5.4 Double Barrier on p-Type Substrate

Using n-type substrates, the most detailed transport information is obtained for injection

from the substrate. In order to examine in more detail the case of injection from the gate,

p-type substrates have been used. In Figure 5.9 a schematic energy band representation

of the diode structure on a p-type substrate is shown for zero gate voltage.

Figure 5.9 Energy band diagram for a double barrier structure on an p-type substrate.
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At this bias little or no charge will tunnel between the substrate and gate, since the

total barrier thickness is too large and there are no available states in the bandgap of the

center Si layer. At a negative gate bias such that the conduction band in the

polycrystalline Si gate lines up with the conduction band edge of the well, a strong turn-

on of the current is expected corresponding to electrons tunneling directly from the gate

to the substrate via states in the well. At positive gate bias, no significant electron

tunneling current is expected because it is limited mainly by recombination-generation

and diffusion processes in the p-type substrate. This behavior is confirmed by the

measured I-V curve shown in Figure 5.10, where the only strong turn-on of tunneling is

seen for negative gate biases beyond —1.4 V. The plateau near –2.O V will be discussed

in conjunction with Figure 5.12.
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Figure 5.10 Current vs. Voltage for double barrier on p-type substrate.

LFCV results for the p-type substrates are shown in Figure 5.11 together with an

HFCV curve. These results are obtained using the same C-V measurement techniques as

for the n-type substrates. The HFCV curve is measured at 100 kHz and features the

expected accumulation, depletion and deep depletion regions, with the transition from

depletion to accumulation occurring at a gate bias of roughly —1.4 V. The capacitance

saturates at approximately 11 pF corresponding to a total oxide thickness of —80 A, in

close agreement with the n-type devices. The LFCV curves are measured at sweep rates
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of 40, 60, 80, and 100 mV/s and show (1) deep depletion rather than a saturation oxide

inversion capacitance because we cannot stimulate formation of the inversion layer using

our HFCV measurement technique, and (2) dispersion in the depletion dip indicating the

presence of interface states. By comparing the HFCV curve with the HFCV measured at

40 mV/s near the flatband voltage, we estimate the density of interface state levels to be

times higher than what is seen in the n-type samples.

Figure 5.11 C-V characteristics of double barrier on p-type substrate.
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In Figure 5.12 step I-V curves are shown, measured for both positive and negative

voltage step directions at three different very slow step rates. These curves display an

obvious hysteresis effect that is analogous to, though much larger than that seen in the n-

type devices at a higher equivalent sweep rate. The magnitude of the total measured

current is initially higher as the device is being swept from depletion to accumulation,

then in accumulation the opposite is true. In other words, as the direct tunneling is

turning on, the barrier is initially more transparent compared to when the tunneling is

turning off, then becomes less transparent at higher voltages.

Figure 5.12 Sequential I-V curves for negative voltages.
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Accompanying the onset of direct tunneling in the p-type devices is a plateau in

the I-V curves between —1.7 V and —2.4 V. Upon first consideration, this plateau

might be presumed to be the familiar depletion plateau seen in single tunnel oxides on p-

type Si substrates. The depletion plateau occurs when incremental increases in the bias

across the device are dropped, not across the oxide, but across the Si substrate as bands

are being swept from inversion to accumulation. However, the C-V data clearly indicate

that the Si substrate is already in accumulation at —1.4 V.

In this situation, perhaps the most plausible explanation for the plateau in the p-

type devices may be that at the onset of direct tunneling, incremental voltage increases

are initially dropped across the well. This would be possible if, for example, the charge

states of trap levels at the well-oxide interfaces change over this bias region. Such a

scenario is illustrated in Figure 5.13 which shows that a high density of charged levels at

the well-oxide interfaces can result in a voltage drop across the well. The hysteresis

would be determined by the relative rates of donor and acceptor interface state charging

in response to changes in the bias, and the size of the effect would be determined by the

density of well-oxide interface states. The differences observed in the n-type and p-types

samples are consistent with this explanation.
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Figure 5.13 Energy band diagram after the interfaces have been charged.

5.5 Summary

In this chapter, silicon-based multilayer charge injection barriers have been fabricated

and characterized. Dielectrics on both n-type and p-type substrates were used. Current-

voltage characteristics were in correspondence to what was expected from band diagrams

for both types of devices. This proves that ultrathin silicon dioxide layers "behave" as

bulk oxide, i.e. have a bandgap and an interface potential barrier height. Devices on n-

type substrates in particular, were found to be of extraordinary electrical quality with an

interface state density of 10 1° eV cm"2 and a breakdown field strength of 15 MV/cm.

Current-voltage characteristics and subsequent degradation studies revealed this structure

to have two key properties: an intrinsic resistance to degradation and a window of

operation in which there is negligible conductance. These properties suggest that this

structure can act as the active tunnel dielectric in traditional floating gate nonvolatile

memory devices.



CHAPTER 6

NONVOLATILE MEMORY TRANSISTOR

6.1 Overview

Earlier in this dissertation it was explained how scaling of devices leads to improvements

in device performance. This was based on the device characteristics of M0SFETs.

There is another class of devices for which scaling has not been possible, namely,

floating gate nonvolatile memory devices. These devices suffer from two performance

limitations. 0ne can not continuously scale the dimension of the tunnel dielectric —

typically a thin oxide in the range of 5.O to 7.O nm — since it acts as a barrier to prevent

stored charges from leaking off the floating gate. In addition, such devices suffer

inherent degradation problems caused by the charge transport mechanisms (Fowler-

Nordheim tunneling or Channel Hot Electron injection) that are used to transport charges

to the floating gate.

In the previous chapter it was established that a double barrier Si02/Si/Si02

structure on an n-type silicon substrate has two important characteristics that can be

exploited in a nonvolatile memory structure: resistance to degradation and a window of

operation that allows for charge retention. This chapter reports on the effort to fabricate

and characterize a nonvolatile memory device with silicon-based multilayer charge

injection barriers acting as the active dielectric. In the first part, the principle of

nonvolatility is detailed, followed by a review of state-of-the-art nonvolatile memory

technology. The rest of the chapter covers fabrication details and results.

85
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6.2 Introduction

6.2.1 Principle of Nonvolatile Memory

As seen from the cross section in Figure 6.1, nonvolatile semiconductor memory devices

are similar to M0SFETs except that a floating gate has been placed between the control

gate and the substrate. The floating gate is completely insulated from the substrate by a

tunnel dielectric and from the control gate by an interpoly dielectric. Two classes of

floating gate devices exist. The first class is based on a continuous semiconducting layer,

typically polycrystalline silicon. In the second class of devices, charge is stored in

discrete trapping centers of an appropriate dielectric layer, usually silicon nitride. These

devices are generally referred to as charge trapping devices. This chapter focuses on the

first class of devices.

Figure 6.1 Schematic cross-section of a traditional floating gate memory transistor.

The memory action is accomplished by storing charge on the floating gate. Since the

floating gate is completely insulated, charges ideally remain on the floating gate when the

power supply is removed, making this a nonvolatile memory device. It must be pointed
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out that many different device structures exist with different write and erase mechanisms.

The one described is generally referred to as FETM0S and is only used for illustrative

purposes.

The presence of stored charges on the floating gate alters the threshold voltage of

the device. Two distinct values of the threshold voltage can be defined: the erased state,

or "O" state and the programmed state, or "1" state. This is illustrated in the figure 6.2.

Figure 6.2 Threshold voltage shift in I-A curve of a non-volatile memory transistor as a
result of charge storage on the floating gate.

0bviously, apart from being able to program and erase the memory device, one needs to

be able to sense, or "read", the state of the device. The state of the device is detected by

applying a gate voltage AWL with a value in between the two threshold voltages. By

detecting the conduction between the source and the drain as a result of AWL, one can

determine the state of the device. If the device is in the "1" state, no conduction will be

observed since AWL is smaller than the threshold voltage in that case. Alternatively,

conduction will be observed when the device is in the "O" state.
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6.2.2 Program Operation

Using FETM0S (Figure 6.1), two programming methods are possible: Fowler-Nordheim

tunneling and Channel Hot Electron injection. In the case of Fowler-Nordheim

tunneling, a large positive bias is placed on the control gate with the substrate, drain and

source grounded. This allows electrons to tunnel through the triangular barrier of the

tunnel dielectric onto the floating gate. Electrons are injected uniformly across the entire

channel of the device.

In the case of Channel Hot Electron Injection, a very large positive bias is applied

to the drain, a positive bias to the control gate while the substrate and source are

grounded. Under this large lateral electric field, electrons in the channel travelling from

the source to the drain gain kinetic energy and become "hot". A few of these "hot"

electrons will have gained enough kinetic energy to surmount the 3.2 eA potential barrier

between the substrate and the oxide. These electrons will be attracted to the floating gate.

Due to the inefficiency of this mechanism, a large drain current is required.

Therefore, devices exploiting this mechanism consume a lot more power than devices

exploiting Fowler-Nordheim tunneling. However, the programming speed is on the order

of 10 ns while that of a Fowler-Nordheim device is about 100 ns.

As the device is programmed, the amount of charge on the floating gate increases.

This has the effect that the electric field across the tunnel dielectric, and thus the

programming current. As this current diminishes, the threshold voltage begins to saturate

constituting a self-limited mechanism.
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6.2.3 Erase Operation

Fowler-Nordheim tunneling is typically used to remove electrons from the floating gate.

This can be accomplished by uniform injection across the entire channel or nonuniform

injection into the source or drain regions. In the case of uniform erasure, a large negative

bias is placed on the control gate with the drain, source and substrate grounded.

Electrons are injected uniformly form the floating gate to the substrate. In the case of

nonuniform injection, the large negative voltage is split between the control gate and the

junction where the electrons will be erased to. The erase operation is also self-limiting.

6.2.4 Cycling Endurance

The cycling endurance of a nonvolatile memory device is defined as the number of

program/erase cycles the device can withstand before it can no longer retain its memory

state. Ideally, one would like the device to have infinite cycling endurance. However,

the charge transport mechanisms that are used to program and erase the device as

discussed above, severely limit the endurance of the device. The large voltages needed to

program and erase the device cause charge trapping and interface state generation.

Charges can therefore be trapped in these states, causing a shift in both the programming

threshold voltage as well as the erase threshold voltage. The spread between these two

voltages defines the program/erase window of operation. The net effect of charge

trapping and interface state generation is a closing of the program/erase window. This is

illustrated by Figure 6.3. Typically, complete window closing occurs after 10 6 cycles,

rendering the device useless, since it no longer acts as a memory device. It is this

inherent endurance problem of floating gate devices that our work has addressed, as will

become clear later in this chapter.



Figure 6.3 Threshold voltage window closing as a result of program/erase cycles.

6.2.5 Data Retention

After being programmed, an ideal memory device should be able to retain charge

indefinitely. Generally, a memory device is called nonvolatile when it has a data

retention time of 10 years. This allows a leakage of only one electron per day. Typically,

electrons leak through the tunnel dielectric or interpoly dielectric. If a large number of

charge traps are available in the tunnel dielectric, trap-assisted tunneling becomes a

source of leakage. In this case, electrons will first tunnel into a trap and subsequently to

the substrate. Initially, tunnel dielectrics will have a negligible number of oxide traps.

However, the large voltages needed to program and erase the device, will cause the

generation of charge trapping centers in the tunnel dielectric. As a result, the number of

90
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programlerase cycles will increase the leakage current from the floating gate. This

phenomenon is called Stress Induced Heakage Current (SIHC).

It is clear that the transport mechanisms used in conventional floating gate devices

cause a severe degradation of the tunnel dielectric. This has negative effects on both

cycling endurance and data retention. The search for potential solutions to these

problems is an ongoing research effort. The last sections of this chapter will describe our

own approach to solving these problems. But before that, a review is presented of

alternative device structures that try to answer the issues mentioned above.

6.3 Alternative Device Structures

Continuing efforts are under way to improve the performance of traditional floating gate

transistors that use a single tunnel oxide, without resorting to alternative structures.

These efforts typically focus on fabricating higher quality tunnel oxides or fabricating

thinner oxides. Even though scaling of the tunnel dielectric is crucial for low voltage,

low power and high endurance applications, reduced data retention limits this effort.

While there is certainly room for improvement, it is hard to imagine that much progress

can be made in improving endurance, due to the inherent degradation problems of the

charge transport mechanisms. Much more room for device improvement can be found in

alternative structures.

0ne type of nonvolatile memory transistor that shows a much larger cycling

endurance has already been mentioned: charge trapping devices[85-87J]. It is misleading

to see charge trapping devices such as S0N0S as an answer to the performance

limitations of traditional floating gate devices, since this device was actually the first

nonvolatile memory transistor [88]. The S0N0S transistor (Silicon 0xide Nitride 0xide
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Silicon) stores charges in localized traps. In order to get a sufficiently high speed of

charge transfer, ultrathin oxides are used as tunnel dielectrics. Endurance in charge

trapping devices is typically reported to be on the order of 109 to 10 10 writelerase cycles

[87]. This is at least a factor 1000 higher for two reasons: localized charge storage will

prevent all the charge from leaking away in case of localized oxide breakdowns and

secondly, direct tunneling through ultrathin oxides is an inherently less damaging charge

transfer mechanism. However, charge trapping devices are inherently slow.

Floating gate devices and charge trapping devices are currently the two state-of-

the-art nonvolatile memory devices. For applications that require high endurance, charge

trapping devices are used. In case a high speed is needed, floating gate devices are used.

0ne particularly promising memory device that combines high endurance with

high writelerase speed, is the so called ferroelectric IAM (FIAM). In this device the

memory state is written as the polarization of a domain. However, these devices require

relatively large voltages and are therefore less useful for low power applications [89].

As mentioned before, the use of ultrathin silicon dioxide as the active tunnel

dielectric has the advantage of an inherent resistance to degradation. 0f course, simply

using a single layer of ultrathin dioxide as the active dielectric is not feasible, since the

charge on the floating gate will immediately leak off. 0ne way to overcome this

problem, and one that has commended a lot of interest, is the use of silicon nanocrystals

to store charge[90-95]. While many have reported cycling endurance on the order of 109

to 10 12 cycles, data retention was always problematic. At first, it was believed that a

Coulomb blockade effect was responsible for the ability of the nanocrystals to hold

charge. Hater it was reported that it may be interface traps at the nanocrystal interface to
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cause the memory effect. In addition, fabrication of nanocrystals of predictable,

controllable sizes is extremely difficult, throwing the future of these devices in doubt.

6.4 Multilayer Charge Injection Barriers

By now it is well established that the use of ultrathin silicon dioxides and therefore direct

tunneling as the means of charge transportation, significantly improves cycling

endurance. This has become clear from both the work that is presented in the previous

chapter, as well as by the work on charge trapping devices and silicon nanocrystals.

However, what about data retention? This is the area where the multilayer approach

becomes crucial. The presence of a thin, continuous silicon layer that has bulk like

properties such as a bandgap and surface potential "opens up" the current-voltage

characteristics. This allows for data retention, without having to resort to relatively thick

oxides. In addition, this approach has the added advantage that the window width can be

tailored by increasing the number of layers in the tunnel dielectric stack. Each additional

layer will shift the positive and negative turn-on voltage by O.5 A, causing a net 1 A

widening of the window. Furthermore, tailoring of doping concentrations in the substrate

or the gate can be exploited to change the width of the window as well.

Figure 6.4 depicts a cross section of a nonvolatile memory transistor that has

multilayer tunnel barriers incorporated as active tunnel dielectric. Notice how in this

approach the floating gate is separated from the substrate by a double barrier tunnel

dielectric.

The rest of this chapter will detail the results of the very first attempt that was

made in trying to fabricate such a device.



Figure 6.4 Nonvolatile memory transistor with a multilayer tunnel barrier acting as the
active.dielectric.

6.5 Device Fabrication

All device fabrication was done in the class 10 cleanroom of the Microelectronics

Iesearch Facility at North Carolina State University. A standard floating gate transistor

process flow was used in combination with an existing mask set. 0nly the standard,

single step thermal growth of the tunnel dielectric was replaced by a multistep process to

grow and deposit stacks of ultrathin silicon and ultrathin silicon dioxide. The mask set

contains FETM0S and ET0X floating gate transistors, overlap and non-overlap tunnel

dielectric test capacitors and interpoly dielectric test capacitors. The minimum feature

size of the mask is 1

Single crystal silicon wafers, <100> oriented, O.005-O.05 ohm-cm, n-type wafers

were used as substrates. A 3200 A field oxide was grown and wet etched to form the

active area.

Since the tunnel stack is such a critical part of the device, processing conditions of

the stack will be discussed in more detail here. A table with the actual processing

conditions can be found in Appendix B. The tunnel stack was processed in a Iapid

Thermal Processing (ITP) reactor. Many calibration runs have been done to determine

the correct parameters for the growth of IT0 oxides as well as the ITCAD deposition of
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thin amorphous silicon layers. 0xide thickness was found to be remarkably uniform

across the wafer to within typically 2 A. The IT0 oxides were targeted to grow at a

temperature of 950 °C, but was generally found to vary between runs ranging from 930

°C to 980 °C. The pressure in the chamber was 100 Corr. Under these conditions, a 30

second oxidation is expected to grow approximately 25 A of silicon dioxide.

The thin amorphous silicon layers were targeted to be deposited at 500 °C using

disilane. The pressure in the chamber was maintained at 1 Ton. The thickness of the

silicon layers was found to be much less uniform across the wafer. From calibration runs

it was clear that variations of thickness could easily reach 15 A or more across a wafer.

All amorphous silicon layers were targeted to ultimately be 50 A thin after the second

oxidation. Taking silicon consumption in consideration, silicon layers ranging in

thickness from 60 to 65 A were targeted. A 60 seconds deposition at a temperature of

500 °C and a pressure of 1 Ton will deposit approximately that. It must be noted that

temperature deviation of 15 C to 20 °C from the targeted 500 °C were usually observed.

This was significant enough to compensate for a lower (or higher) actual deposition

temperature by increasing (or decreasing) the deposition time on the spot. It is obvious

that the adaptation of deposition time to actual processing circumstances is educated

guesswork, amorphous silicon layers ranging in thickness from 40 to 60 A may be

expected.

The floating gate was formed using 1500 A of amorphous silicon which was then

doped with phosphorous (n-type) in a diffusion furnace at 900 °C. Following this was

the wet etch step of the floating gate and tunnel stack. HF etch was used to etch through

the complete stack. Etch rates were determined by first etching dummy wafers for a set
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number of minutes and measuring the remaining silicon (or silicon dioxide). Silicon was

found to etch at a rate of 13 Alas, silicon dioxide at O.7 Alas. Etching for the proper

amount of time, obviously, is not straightforward since one does not have exact

information on the thickness of the different layers. At this stage it is good to point out

that future processing attempts may want to consider using dry etching techniques

instead, since overetching the tunnel stack with wet processes is certainly a possibility.

Following etching of the stack, a 220 A dry polyoxide was grown at 1000 °C,

followed by HPCAD of the control gate. Doping of the control gate with phosphor was

followed by a wet etch of the control gate polysilicon and the interpoly dielectric. Source

and drain junctions were formed by dopant diffusion and followed by a 15 minute drive-

in at 900 °C. After a passivation capping oxide was deposited, the wafers underwent a

forming gas anneal at 500 °C for 30 minutes. Finally, contact pads were formed by an

aluminumltitanium liftoff process.

6.6 Results and Discussion

Current-voltage characteristics of tunnel stack capacitors were first tested. Figure 6.5

shows I-A curves on a double barrier capacitor of 2511m 2 device with 25 A silicon

dioxides. The graphs are separated for clarification. The left curve is an I-A curve

measured between 0 and —3 A in steps of O.05 A. The curve on the right shows the I-A

characteristics of the same chip measured from 0 to 3 A. It is immediately clear that the

current increases steadily from 0 A on for both positive and negative bias voltages. From

the results presented in the previous chapter, one would expect to see a delay in the onset

of a tunnel current due to the presence of the intermediate silicon layer. In other words,
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this device does not exhibit a window of negligible tunnel current in between two bias

voltages of strong tunnel current turn-on. Before attempting to interpret this absence of a

Figure 6.5 Current-voltage characteristics of a multilayer tunnel dielectric on transistor
wafer.

window, another significant observation needs to be pointed out. Considering that this is

a device with oxides that are approximately 10 A thinner than those presented in the

previous chapter, it is clear that very little current flows through the device. At +1.5 A

only 20 fA of current is observed, as opposed to 8 pA for the device shown in the

previous chapter. Taking into account that the device of figure 3.4 is 4 times smaller, and

thus a current of 80 fA would be expected for a device of the same size, the current is still
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approximately two orders of magnitude smaller. This is surprising since an oxide that is

10 A thinner is expected to display a current five orders of magnitude larger.

The current behavior for A > +1.5 A is probably of a direct tunneling nature.

Careful extrapolation of this component may suggest that this current exhibits a delayed

on-set, but the effect is obscured by the rapid increase in current at 0 A. This component

is large and most likely due to defects at the interface. The continuing increase in current

for negative bias voltages is not well understood.

Figure 6.6 gives us insight into the charging dynamics of the device after

electrical stress. The figure shows three I-A curves measured between +3 A and 0 A

after waiting 10 seconds, 20 seconds and 40 seconds respectively. The bias voltage at

which the device was stressed before starting the measurement, was chosen at +3 A, since

this was just below the breakdown voltage. Hence, considerable stress was expected to

take place at +3 A. The curve with the longest wait time (triangle) is seen to have the

lowest current at 3 A. This indicates that the electrical stress put on the device during

the wait time causes it to charge negatively, i.e. a net filling of traps and interfacial

defects with electrons occurs. The spread in curves for voltages below 2 A can be

explained as a transient effect during the initial ramp up towards 3 A. It is clear that the

transient effect saturates when the wait time is long enough.
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The observations as shown and described above are only reported for one

particular chip, but are seen across all wafers. The immediate effect is that in the absence

of a window of negligible current around 0 A, these devices will not show any memory

effect, the goal of this study. It is obvious that with a significant current present at 0 A,

the charge that one might be able to store on the floating gate will immediately leak off.

It is clear from the experimental results that these devices exhibit strong charging

effects and a low breakdown field on the order of 4 to 5 MAlcm due to large numbers of
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defects and interface states. This however, does not explain the reduced current density

with respect to the devices that were described in the previous chapter. 0ne might

immediately conclude that a reduced overall current indicates that the oxides are thicker

than assumed. A possible explanation is that the curves simply indicate that all the

intermediate silicon has been consumed during the second oxidation. This may be true

for devices on the outer areas of the wafers due to the nonuniformity of the deposited

silicon layer. However, test runs revealed that sufficient silicon was deposited in the

center of the wafer to accomodate the silicon consumption during the second oxidation.

Iather, the explanation can most likely be found in a lack of sufficient

crystallization of the deposited amorphous silicon layer during the second oxidation. The

devices that are discussed in this chapter were targeted to have thinner oxides than the

ones described in the previous chapter. As a consequence, the thin amorphous silicon

layer may not have crystallized enough — or not at all — during the second, shorter

oxidation. Therefore, one might call into question whether the thin intermediate silicon

layers in these particular devices really have the properties of bulk silicon, such as a

bandgap and surface potential. In the absence of such bulk properties, a window of

negligible conductance around 0 A is not expected.
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6.7 Summary

In this investigation we have tested double and triple barrier tunnel dielectric stacks of

silicon and silicon dioxide. These devices were fabricated as part of a full nonvolatile

transistor memory process. The current-voltage characteristics revealed that the devices

have large numbers of defects and interface states that prevents the retention of charges

on the floating gate. In addition, these devices have a sharply reduced current density. It

is believed that one possible explanation for these observations is the lack of sufficient

crystallization of the thin silicon layer during processing conditions. It is important to

note that these findings by no means prove that it is not possible to fabricate a nonvolatile

memory transistor using silicon based multilayer charge injection barriers as the tunnel

dielectric. It simply proves that much work remains to be done in understanding the

processing conditions under which thin amorphous layers of silicon crystallize.



CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In this dissertation, some of the fundamental problems of continued scaling of M0S

structures have been identified and possible solutions have been studied in detail. 0n the

other hand, scaling also opens up new venues of device applications that were once

unimaginable or simply impossible. An investigation into one of those applications has

been carried out and presented here. Below the conclusions and suggestions for future

work are presented.

7.1 Leakage Compensated Charge Measurement

7.1.1 Conclusions

A charge measurement has been developed that employs an electronic compensation

circuitry, allowing measurement of C-A characteristics of ultrathin M0S device

structures, even in the presence of significant leakage current. C-A curves have been

measured for oxides between 2.4 and 3.5 nm thin. From the results on 3.5 nm oxides it is

found that the minority carrier response saturates easily, making this a true, static C-A

measurement as opposed to the standard quasistatic technique. In addition, the expected

frequency dependence of the capacitance has been observed. Consequently, the classical

high frequency - low frequency capacitance (HHCA) method for obtaining the interface

state level density can still be used.

In the thinnest oxides (2.4 nm), an "excess" leakage current is observed that can

not by compensated for by the circuitry alone. However, the excess leakage current is
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found to increase linearly with the excitation signal amplitude and can therefore be easily

compensated for by additional numerical processing.

The significance of these findings lie in the fact that this measurement method

extends the range of application of capacitance characterization of silicon oxides well

into the direct tunnel thickness regime.

7.1.2 Future Work

With the continued scaling of CM0S devices, this work will remain relevant in the

foreseeable future. However, as indicated above, the lower limit of oxides that can be

characterized by the measurement method in its current state seems to be somewhere

around 24 A. For these oxides, an additional, numerical compensation technique is

already necessary. Further improvement of the circuit is therefore necessary. In its

current state the circuit compensates a DC, or first order, current component.

Improvement of the circuit may lie in circuit design that compensates for higher order

current components as well.

7.2 Alternative Gate Dielectrics

7.2.1 Conclusions

Some of the earliest experiments on hafnium oxide for gate dielectric applications were

performed. Thin hafnium oxide dielectrics were fabricated and characterized. The

dielectrics were deposited in a Iotating Disk Ieactor CAD system. Both an M0CAD

and an AHCAD process were employed. Similar results were found for both processes.

The deposition produced a strongly nonuniform film with significant, measurable
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hafnium oxide concentrated in a concentric ring. The range of thicknesses within the

concentric ring was found to be between 110 A to 280 A.

Electrical characterization revealed that the devices have characteristics such as

large leakage currents, dielectric charging under stress, hysteresis and a large flatband

voltage shift that is commonly found in materials such as the one that was investigated in

this work. Additionally, a relatively low dielectric constant equal to 13 was found from

the oxide capacitance. This can undoubtedly be explained by the formation of a thin Si02

layer at the silicon — hafnium oxide interface. In addition, the physical nature of the

hafnium oxide is most likely not that of a pure Hf02 nature.

While one of the alternative gate dielectrics, possibly a silicate, may be a short-

term solution for leakage current requirements in low-power applications, it is the

author's firm believe that alternative gate dielectrics are not the long term solution to the

leakage current problem of ultrathin gate dielectrics. The answer will be found in

alternative silicon-based transistor structures, such as vertical transistors or dual-gate

transistors.

7.2.2 Future Work

As indicated above, there may be a need for alternative gate dielectrics as a short term

solution. Therefore, from a business perspective, there may be commercial value in

pursuing this line of research. 0bviously one would have to improve the process to be

able to obtain uniform coatings. But even with the limited work that was done on process

optimization, already devices were fabricated that are at least as good as what other have

reported. From a university point of view, this may prove to be a line of research with a

dead end.
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7.3 Silicon-based MLCIBs

7.3.1 Conclusions

Silicon-based double barrier tunnel structures were fabricated and characterized.

Especially the structures on n-type substrates proved to be of an extraordinary electrical

quality, i.e. low interface state level density of 10 10 eA"1 cm"2 and high breakdown field

15 MAlcm. 1-A characteristics were in agreement to what was expected from band

diagrams for both types of devices. This proves that ultrathin silicon dioxide layers

"behave" as bulk oxide, i.e. have a bandgap and an interface potential barrier height. 1-V

characteristics and subsequent degradation studies revealed this structure to have two key

properties: an intrinsic resistance to degradation and a window of operation in which

there is negligible conductance.

Subsequently, these structures were incorporated as the active tunnel dielectric in

a floating gate nonvolatile memory transistor. A full transistor fabrication process run

was done. Wafers with double and triple barrier tunnel dielectric stacks were fabricated

and tested. Characterization of test capacitors revealed that the devices have large

numbers of defects and interface states that prevents the retention of charges on the

floating gate, i.e. no window of operation was observed. In addition, these devices have a

sharply reduced current density.

0ne possible explanation for these observations is that not enough silicon was

deposited for the intermediate layer and consequently may all have been consumed by the

second oxide growth. While this may be true on certain parts of the wafers, especially

the outer parts, due to nonuniformity of the deposited silicon layer, it is certain that, even

after the second oxidation, there is still a thin layer of silicon left, especially at the center
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of the wafer. Iather, the explanation can most likely be found in a lack of sufficient

crystallization of the deposited amorphous silicon layer during the second oxidation. It is

important to note that these findings by no means prove that it is not possible to fabricate

a nonvolatile memory transistor using silicon based multilayer charge injection barriers

as the tunnel dielectric.

7.3.2 Future Work

While one might be tempted to immediately run back into the clean room to attempt a

second try at fabricating a transistor, it might be more fruitful to first consider a detailed

study of the crystallization parameters of the intermediate ultrathin silicon layer. Not

much, if anything, is known about how, when and under what circumstances the ultrathin

silicon layer crystallizes. We simply know it does during "subsequent processing". But

what is that "subsequent processing"? In addition, another transistor run would probably

have to be preceded by a detailed design analysis. This must involve process and device

simulation and may involve the designing of a new mask set.



APPENDIX A

PROCESSING CONDITIONS HAFNIUM OXIDE DEPOSITION

The table below lists the processing parameters used during the hafnium oxide deposition

that was described in section 4.4. During the first four wafer runs the hafnium precursor

and oxygen flowed simultaneously (M0CAD); during the next four wafer runs the

hafnium precursor flowed continuously while the oxygen was turned on and off in cycles

(AHCAD).
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APPENDIX B

PROCESSING CONDITIONS TUNNEL STACK

The table below lists the recorded processing parameters of the tunnel stack for the eight

different wafers that were fabricated in the nonvolatile memory transistor run. IT0

refers to the Iapid Thermal 0xidation of the Si02 layers; ITCAD refers to the deposition

of the ultrathin Si layer.
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