
Abstract

Schrader, Michael John.  Considerations for Electrical Characterization of MOS

Capacitors that Arise Due to Processing.  (Under the direction of Richard T. Kuehn)

The goal of this research was to determine the effects that the actual physical

structure of an overlapped metal-oxide-semiconducter (MOS) capacitor and an etch bias have

on the extraction of the gate-oxide thickness.  Included in these concerns were the overlap of

the field oxide by the gate electrode, the angle of the active-area sidewall, and the increase in

size of the active area due to an etch bias.  In addition, the growth of a contaminant layer, or

ad-layer, on oxides that do not have a permanent gate-electrode was addressed.  This ad-layer

forms immediately after a wafer is exposed to the lab ambient and causes a significant

increase (i.e., ~ 10%) in the apparent thickness of the oxide.

The refinement of the total capacitance to the active-area capacitance uses measured

data from Hg-gated capacitors on p-type Si wafers and Al / Poly-Si gated capacitors on both

p- and n-type Si wafers.  The effects of a non-vertical sidewall and an etch bias are addressed

theoretically through the use of the classic treatment of capacitance.

The capacitance-voltage characteristics from the MOS capacitors were used to extract

the oxide thickness (tox).  The extracted thickness was determined from a model-based

methodology (i.e., the slope method) and a model-based analysis (i.e., NCSU’s CVC model).

It is shown that the effect of a non-vertical sidewall and an etch bias are negligible.  The

effect of the gate electrode overlap, while small, should be removed.  It is also shown that a



model-based analysis of the active-area capacitance characteristics results in a consistent

oxide thickness over the range of capacitor areas that were available.

The removal and re-growth of the ad-layer were investigated using current-voltage

and capacitance-voltage characteristics from blanket oxides on both p- and n-type silicon

wafers.  The changes in these characteristics were quantified as the ad-layer grows over time.

The C-V characteristics were analyzed using NCSU’s CVC program in order to extract

values for oxide thickness, flatband voltage, and interface trap densities.  The ad-layer causes

considerable inaccuracies in the model extraction of oxide thickness as well as the flatband

voltage and interface trap density.  Electrical and optical results on the p-type wafer both

show that the ad-layer increases the apparent oxide thickness by ~ 0.25 nm and the electrical

results show that the ad-layer shifts the flatband voltage by as much as 100 mV.
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parallel mode at 100 kHz with an open circuit correction.
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a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
parallel mode at 1 MHz with an open circuit correction.

Figure B-7 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
series mode at 10 kHz with no instrument correction.

Figure B-8 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
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nm.  Measurements were made in the parallel mode at 1 MHz.

Figure B-16 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the series mode at 10 kHz.
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Figure B-17 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the series mode at 100 kHz.

Figure B-18 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the series mode at 1 MHz.

Figure B-19 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.

Figure B-20 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.

Figure B-21 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.

Figure B-22 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.

Figure B-23 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.

Figure B-24 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.

Figure B-25 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.

Figure B-26 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.

Figure B-27 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.
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Figure B-28 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.

Figure B-29 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.

Figure B-30 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.

Figure B-31 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.

Figure B-32 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.

Figure B-33 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.

Figure B-34 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.

Figure B-35 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the parallel mode at 100 kHz.

Figure B-36 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the parallel mode at 1 MHz.

Figure B-37 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the series mode at 100 kHz.

Figure B-38 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the series mode at 1 MHz.
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Figure B-39 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with no circuit correction.

Figure B-40 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with an open circuit correction.

Figure B-41 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with a short circuit correction.

Figure B-42 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with an open circuit and short
circuit correction.

Figure B-43 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with no circuit correction.

Figure B-44 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with an open circuit correction.

Figure B-45 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with a short circuit correction.

Figure B-46 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with an open circuit and short
circuit correction.

Figure C-1 I-V characteristics from n+/p Poly-Caps with areas of 1.6, 3.6, 6.4, and 10.0 x
10-5 cm2.

Figure C-2 I-V characteristics n+/n Poly-Caps with areas of 1.6, 3.6, 6.4, and 10.0 x 10-5

cm2.

Figure C-3 I-V characteristics from a 1.6 x 10-5 cm2 capacitor after the n+/p curve has
been shifted by the difference in flatband voltages.  At ~ 1.5 V both curves are
in the linear region and parallel one another.
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Figure C-4 I-V characteristics from a 3.6 x 10-5 cm2 capacitor after the n+/p curve has
been shifted by the difference in flatband voltages.  At ~ 1.5 V both curves are
in the linear region and parallel one another.

Figure C-5 Plot of current at VFB - 1.5 V versus area from n+/p Poly-Caps.

Figure C-6 Plot of current at VFB + 1.5 V versus area from n+/n Poly-Caps.
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Chapter 1 Introduction

As integrated circuit devices are scaled down for improved performance and lower

power consumption, the thickness of the gate dielectric is also reduced.  The thickness of the

gate dielectric decreases with each technology generation according to The National

Technology Roadmap for Semiconductors [1].  The Roadmap also identifies crucial

metrologies that are needed in order to develop these new generations.  These metrologies

include microscopy, critical dimensions, dopant profiles, contamination analysis, film-

thickness metrology, and several other areas.  In order for reliable device functioning, it is

necessary to be able to extract the oxide thickness accurately.  It is always beneficial if this

can be done in an easy and relative inexpensive manner.  This thesis addresses the extraction

of the gate-oxide thickness from the capacitance-voltage characteristics of overlapped MOS

capacitors with a nominal oxide thickness of 2.0 nm.  Considerations are taken to account for

the capacitor’s physical structure, including the overlap of the gate electrode outside the

active area, a non-vertical sidewall, and an etch bias, in order to show their effects on the

extracted value of the oxide thickness.

Several methods of extracting oxide thickness from capacitance-voltage

characteristics have been reported [2,3,4].  Walstra and Sah [5] have shown that the simplest

method assumes that the measured capacitance is approximately the oxide capacitance when

the capacitor is in accumulation and uses the classical definition of capacitance to calculate

the oxide thickness and has errors that increase with decreasing oxide thickness.  However,

due to the ease of use, it is still a widely accepted method for extracting a quick

approximation.
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The research presented here makes extensive use of a different method (the so-called

slope method).  This method involves plotting the accumulation capacitance at ± 2.5 V

versus the mask defined active area.  From the classical definition, the slope of this plot is

related to the oxide thickness.  A more detailed explanation of this method is given in

Appendix A.  Also the C-V modeling program, CVC, which was written by Dr. John Hauser,

is used for parameter extractions [6].

Using these tools/methods for extracting oxide thickness, the effects from physical

considerations of a MOS capacitor are explored.  A short background on capacitors, using

band diagrams and the components of a capacitor, is discussed in Chapter 2.  The processing

of the wafers used for this research is given in Chapter 3.  Chapter 4 goes into detail on the

considerations for the physical model of a MOS capacitor.  In Chapter 5, the relative effects

of a hydrated organic film on I-V and C-V characteristics are explored.
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Chapter 2 Background

The Metal Oxide Semiconductor (MOS) capacitor is an important test device in the

semiconductor industry.  The gate of a MOS field-effect-transistor (MOSFET) is actually a

MOS capacitor and is used to control the current flow between the drain and source.  By

applying the proper voltage to the gate, the amount of current in the channel can be

controlled.  The MOS capacitor is composed of three components: the substrate, the gate

dielectric, and the gate electrode.  The substrate comes from a silicon wafer that the device

structures are built upon.  The gate dielectric is presently SiO2, which has the advantage of

being easily fabricated on silicon.  The gate electrode can be formed by depositing

amorphous silicon onto the SiO2.  The gate electrode becomes polycrystalline at higher

temperatures, such as during the doping processes that are needed to make the gate electrode

conductive.  The MOS capacitor can be used to determine the thickness of the gate dielectric,

the flatband voltage, density of interface traps, and the general reliability of the dielectric.

2.1 Band Diagrams for a MOS Capacitor

Band diagrams are very useful in understanding the operation of a MOS capacitor.

Band diagrams are depictions of the electron energies and potentials in the device.  Each

component of the capacitor can be represented with a band diagram.  In Fig. 2.1-1a, the band

diagram for a p-type MOS capacitor under ideal (i.e., VFB = 0) conditions is shown and the

following discussion considers this ideal MOS capacitor.  The band diagram of the

semiconductor consists of the conduction band energy level, Ec, the valence band energy

level, Ev, and the intrinsic energy level, Ei, which is halfway between the conduction band

and the valence band.  These three bands, Ec, Ev, and Ei, are specific to the intrinsic substrate
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material and always remain parallel to one another.  The band gap energy, Eg, is the

difference between the conduction band energy and the valence band energy of the

semiconductor.  The Fermi energy level, EF, is related to the substrate doping.  The Fermi

potential, qφF, is the difference between the intrinsic energy level and the Fermi level of the

semiconductor.  The semiconductor work function, ΦS, is the difference between the Fermi

level of the semiconductor and the vacuum level.  Similarly, the metal work function, ΦM, is

the difference between the vacuum level and the Fermi level of the metal.

When a bias is applied to the gate electrode, the bands bend according to the

magnitude and polarity of the bias.   When a negative bias is applied, the bands bend upward

as shown is Fig. 2.1-1b and the Fermi levels of the metal and semiconductor differ by an

amount proportional to the applied bias.  The bending shows that a positive charge, due to

holes, has collected at the Si-SiO2 interface to compensate the applied bias.  This state is

called accumulation since it is caused by the accumulation of holes in the substrate at its

interface with the oxide.

The application of a positive bias will cause the bands to bend downward.  The band

diagram for this state is shown in Fig. 2.1-1c.  The capacitor is now considered to be in

depletion since the oxide / substrate interface has been depleted of holes.  Due to the absence

of holes there is a negative charge in the substrate at the interface.

As a larger positive bias is applied the bands bend even further as shown in Fig. 2.1-

1d.  The capacitor goes into inversion when Ei is bent below the Fermi level of the

semiconductor.  There is an inversion layer in the substrate at the interface that acts as an n-

type material.  This inversion layer allows current to flow from the drain to the source in a

MOSFET.
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Now consider a typical p-type MOS capacitor, where the flatband voltage is non-zero.

In this case, the bands bend without an applied bias.  For this non-ideal capacitor, the bands

will be similar to what is shown in Fig. 2.1-2 when the applied bias is zero.  The band

bending is caused by a difference between the work functions of the metal and the

semiconductor as well as any charge located in the oxide or at the oxide / substrate interface.

When a bias equal to the flatband voltage is applied, the MOS capacitor is in the flatband

state and the bands of the semiconductor straighten or become flat.  The necessary bias to

achieve flatband is dependent on the work functions of the metal and semiconductor as well

as the charges present in the oxide and at the interface.  The metal-semiconductor work

function is the difference between the work function of the metal and that of the

semiconductor (i.e., qφMS = ΦM – ΦS).  The types of charges are discussed in Section 2.2.2.

Similar band diagrams for this non-ideal p-type MOS capacitor can be developed with

accumulation occurring when the bias is larger than the flatband voltage, depletion when the

bias is close to the flatband voltage, and inversion as the bias becomes greater than the

flatband voltage.

2.2 The Components of a MOS Capacitor

2.2.1 Substrate

The substrate is the foundation of IC devices.  Currently, silicon wafers are used as

this foundation.  Initially, the silicon is formed in a cylindrical shape called a boule.  During

the formation of the boule, dopants are added to the molten silicon.  These dopants determine

the type of wafer that will result from the boule.  As the amount of dopant is increased the
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resistivity of the resulting wafer is decreased.  At the present level of technology, dopant

levels are in the 1018 cm-3 range.  With technological changes, the diameter of the wafer has

also increased and is now ~ 300 mm in diameter.  This allows the number of dies per wafer

to increase, resulting in higher product yield with the same number of processing steps.

2.2.2 Gate Dielectric

Presently, silicon dioxide (SiO2) is the gate dielectric of choice.  It is the naturally

forming insulator of silicon as it will form at room temperature in an air-ambient, albeit only

a thin layer and with characteristics undesirable for IC use.  For device fabrication, a high

quality oxide is needed.  This is accomplished by growing an amorphous silicon-oxide on a

silicon substrate at high temperatures (i.e., > 900° C).  This type of oxide has many beneficial

properties as shown in Table 2-1.

Table 2-1 Properties of silicon dioxide [7]

Property (units) Value
Melting Point (°C) ~ 1700

Density (g/cm2) 2.27
Bulk Refractive Index 1.46

Dielectric Constant 3.8-3.9
Dielectric Strength (V/cm) ~ 5 x 106

Energy Gap (eV) ~ 8
Etch Rate in Buffered HF (Å/min) 1000

Molecules/cm3 2.3 x 1022

However, silicon-oxide is not without problems.  A bane of reliability is charge at the

Si-SiO2 interface and within the oxide itself.  These charges are categorized into four groups:

fixed (Qf), mobile (Qm), oxide trapped (Qot), and interface trapped (Qit) charges.  The fixed

charge is due to unsatisfied Si bonds that form in the SiOx layer between the Si substrate and



7

the SiO2.  Mobile charge comes from contaminants being incorporated into the oxide during

processing.  Defects within the oxide cause an oxide trapped charge.  Interface trapped

charge is the result of the semiconductor’s crystal structure abruptly ending at the oxide

interface.  Figure 2.2.2 shows the locations of these charges within the capacitor.

In today’s manufacturing environment, the level of these charges can be kept at

tolerable levels through additional processing steps and precautions taken during processing.

An additional problem facing future device manufacturers is the need for a thinner gate

dielectric.  The present approach being investigated by most companies is the use of

materials that have a higher dielectric constant than SiO2 such as metal oxides or metal

silicates [8].  However, recent research at Lucent Technologies’ Bell Labs shows promise for

ICs with a 1.5 nm or thinner SiO2 gate dielectric [9].

2.2.3 Gate Electrode

The gate electrode was initially aluminum, but due to the problems of its low melting

point and tendency to spike into the oxide it was replaced.  Today’s standard gate electrode is

degenerately doped polysilicon.  Polysilicon was chosen as the replacement for aluminum

due to its higher melting point and compatibility with SiO2.  Typically, the gate electrode is

initially deposited in an amorphous state and becomes polysilicon after exposure to high

temperatures.  The polysilicon must be doped in order for it to become a conductive material.

Doping of polysilicon can be done by several methods such as solid source diffusion, ion

implantation, and gas source diffusion.

In addition to the typical polysilicon gate, a Hg-probe can be used as the gate

electrode.  A Hg-probe allows testing of blanket oxides that are used to monitor processing.
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This allows oxidation processes to be monitored without going through the entire process

sequence needed to fabricate a device wafer.

With the development of high-K dielectrics comes the need for new gate electrodes.

The gate electrode must be compatible with the gate dielectric.  Another reason for the

necessity of new gate electrodes is better control of threshold voltage and lower gate

electrode resistivity.  A possible replacement material for the gate electrode will be a metal.

Research at UC Berkeley is being done to explore molybdenum and its use as a gate

electrode [10].
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(a)   (b)

(c) (d)

Figure 2.1-1 Energy band diagrams for an ideal MOS capacitor

(a) Flatband conditions
(b) Accumulation
(c) Depletion
(d) Inversion
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Figure 2.1-2 Energy band diagram for a non-ideal MOS capacitor.  The metal-
semiconductor workfunction difference is relatively small.
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Figure 2.2.2 Locations of various charges within the oxide of an MOS capacitor
i) Oxide trapped charge, Qot, is located in the oxide
ii) Mobile charge, Qm, due to contaminants
iii) Fixed charge, Qf, in the SiOx layer
iv) Interface trapped charge, Qit, at the interface between the oxide and the

substrate
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Chapter 3 Wafer Processing

In this research, both p- and n-type <100> Si wafers were used.  The resistivities of

the p-type wafer was ~ 0.05 +/- 0.005 Ω/cm and the n-type wafer ~ 0.026 +/- 0.005 Ω/cm.

An optimal process definition for a nominal oxide thickness of 2.1 nm was established in a

previous research project [8].  The process was done at low pressure and high temperature.

This allowed a thin oxide to be grown while reducing the effects of a sub-oxide that forms at

lower temperatures.

Three types of wafers were fabricated.  The first of these was simply a blanket oxide

wafer and is referred to as a Blanket Wafer.  The next two types have four arrays of four

different capacitor areas in each of the four quadrants, with the quadrants separated by a strip

of oxide with the same nominal thickness as the active areas.  A schematic illustrating this is

shown in Figs. 3-1 and 3-2.  The two wafers were different in that one had field oxide

isolated capacitors and the other had typical short-loop MOS capacitors.  These wafers are

referred to as Hg-Caps and Poly-Caps, respectively.

Fabrication of the Blanket Wafer consisted of a JTB 100 clean [11], a ramp-up at

atmosphere in N2 with 1% O2, and a gate oxidation in a prototype vertical furnace at a

pressure of 985 mT and temperature of 850° C for 15 min.  A monitor wafer was measured

optically using a KLA-Tencor UV-1280SE tool with a 121-point map that resulted in a mean

oxide thickness of 2.12 nm with a standard deviation less than 0.04 nm.

The Hg-Caps and Poly-Caps were processed at the same time.  They were both

initially cleaned with a JTB 100 clean.  Then a field oxide with a target thickness of 350 nm

was grown.  The wafers were then annealed at 1000º C for 60 minutes.  The active areas

were defined with photolithography and opened with a buffered oxide etch.  After removal of
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the photoresist the wafers were cleaned using JTB 100.  The gate oxidation was performed

with a prototype vertical furnace at 850º C for 15 minutes at a pressure of 985 mT.  At this

point the Hg-Caps were completed on p-type wafers.

The n+ polysilicon gate electrode was then formed on the silicon oxide.  Amorphous

silicon with a target thickness of 200 nm was deposited in the vertical furnace.  A

phosphorous disk diffusion was done at 900º C for 30 minutes followed by a deglaze step.

Aluminum was then evaporated on the frontside of the wafer.  The gate electrode was

defined with phototlithography and the aluminum and polysilicon were removed with a

chemical etch.  The photoresist was removed and a buffered oxide etch was done on the

backside of the wafer before aluminum was evaporated on the backside of the wafer.  These

steps were performed on both p- and n-type wafers and result in devices that are called Poly-

Caps.



14

Figure 3-1 Wafer sized diagram of an Hg-Caps wafer showing the locations of capacitors
of each area.  Also shown is the L-strip, which has an oxide of the same
thickness as the capacitors.
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Figure 3-2 Expanding views of an Hg-Caps wafer from quadrant to array to device.
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Chapter 4 The Extraction of a Statistically-Robust Active Area Oxide
Thickness from Overlapped MOS Capacitors

4.1 Introduction

The object of the analysis methodologies, experiments, and modeling presented in

this chapter is to determine the effects that the actual physical structure of an overlapped

MOS capacitor and the problematic etch bias have on the extraction of oxide thickness.  As

device sizes are scaled down, these concerns become more pressing.  Considerations were

taken into account for the overlap of the gate electrode outside of the active area, the angle of

the active-area sidewall, and the expansion of the active area due to an etch bias.

A MOS capacitor is usually modeled as a parallel plate capacitor (see Fig. 4.1-1a).

However, this model is not very accurate.  The model does not take into account the

overlap of a gate electrode or the problematic sidewall geometry.  Typical C-V

measurements result in the capacitance from a device that is defined by the gate electrode.

This includes capacitance from the active area, the gate electrode overlap, and, oftentimes, a

contribution from the sidewalls.  Does this measured capacitance need to be reduced to the

capacitance of the active area alone?  How does an etch bias change the extracted value of

oxide thickness?  In order to answer these questions, it must be determined how these

additional contributions affect extracted tox values.  The model in Fig. 4.1-1b shows a

capacitor with an overlap and non-vertical sidewalls.  The contributions from the overlap and

angled sidewalls can be investigated using the classic definition of capacitance.

Additionally, if there is an etch bias during processing, the changes in tox values can be

investigated using the same approximation.
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In order to remove the contribution from the overlap, the area of the gate electrode

must be known.  A good approximation of this area is usually sufficient.  Knowing this area,

it is a simple matter of manipulating the measured data, with a series of equations and plots,

to reduce this total (i.e., as-measured) capacitance to that of the active area alone.  The

overlap was studied using C-V characteristics from a metal/p Hg-Cap and both n+/p and n+/n

Poly-Caps with a nominal oxide thickness of 2.0 nm.

To study the sidewall contribution, the changing thickness must be tracked as it

increases from the active area to the field oxide.  Since this involves a continuously changing

quantity, initial attempts were made to solve this with integration.  Unfortunately the integral

never converged.  Another approach that divided the sidewall into columns of different

thickness was used.  Using these columns, the contribution of a non-vertical sidewall was

realized.

During processing, an etch bias may change the size of the active area.  The

consequences of this bias to the extracted value of tox can be determined by simply enlarging

the active area and comparing the differences to the values of tox that are obtained from the

mask defined areas.

4.2 Gate Electrode Overlap

In order to determine the oxide capacitance (i.e., the capacitance from the active area

only), it must be realized that the total (i.e., as-measured) capacitance is the sum of three

quantities, the overlap capacitance (CFox), the active area capacitance (Cox), and the sidewall

capacitance (CSW), or

(4.2-1).C C C CTOT Fox ox SW= + +
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In order to reduce this measured capacitance to the capacitance from the active area alone

(i.e., the oxide capacitance), a simple method is used as outlined below.

With the classical definition of capacitance, C = εoKA/t, where εo is the permittivity

of free space (8.85 x 10-14 F/cm2), K is the dielectric constant for SiO2 (3.9 is used here), A is

the area of the capacitor in cm2, and t is the thickness of the dielectric in cm, we see that, if

the active area of a device is zero, then the capacitance from the active area should be zero.

Using this fact and assuming vertical sidewalls, a plot of the measured capacitance, CTOT,

versus the mask defined active area, AM, should be linear and a fit to the data will result in an

equation of the form

where Co is the y-intercept with units of capacitance and the slope m is in units of

capacitance / unit area.  As the active area goes to zero, the oxide capacitance goes to zero.

Using this along with equation (4.2-1), it can be seen that as AM goes to zero, Co is

approximately the maximum value of the field oxide capacitance (i.e., CFox).

Next the area of the gate electrode, Ag, must be determined.  The area of the Hg-gate

(i.e., the Hg-probe used by the CV-Map 92A) is known to be 2.883 x 10-3 cm2.  The areas of

the four Al/Poly-Si gates were calculated from optical images.  The average areas are given

in Table 4-1 with the mask defined areas and the % difference.

(4.2-2)C C mATOT o M= +
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Table 4-1 Gate electrode areas

Mask Defined
Active Area
(x 10-5 cm2)

Average Gate
Electrode Area from
Optical Microscopy

(x 10-4 cm2)

Mask Defined
Gate Electrode

Area
(x 10-4 cm2)

%
Difference

Overlap
(x 10-4 cm2)

1.6 3.06266 3.105 1.36 2.945
3.6 3.50445 3.565 1.70 3.205
6.4 4.35288 4.375 0.51 3.735
10.0 5.26763 5.265 0.05 4.265

The active-area capacitance of the ith device is then extracted from the total capacitance with

the following equation

where AM-i is the mask defined active area of the ith capacitor.  This correction is applied to

the entire voltage range of a data set in order to get the oxide capacitance curve.  A plot of

the oxide capacitance at a given voltage versus the mask defined active area can then be used

to find the oxide thickness.  The slope of a linear fit to this plot can be used to find the oxide

thickness from Tables A-1, -2 and –3 located in Appendix A.

The wafer IDs for the three wafers used are N-II-1 (Hg-Caps), K-III-1 (n+/p Poly-

Caps), and K-III-1-N (n+/n Poly-Caps).

4.2.1 Hg-Caps

The experimental data were collected using a Four Dimensions CV Map 92A Hg-

Probe connected to a HP 4284A LCR meter.  Measurements were done in the parallel mode

at a frequency of 100 kHz.  Data sets from 10-20 sites were then averaged to form the C-V
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characteristics for each capacitor area.  The measured C-V characteristics are shown with the

CVC model fits in Fig 4.2.1-1.  The model fit degrades as the capacitor area is reduced.  The

measured capacitance at – 2.5 V was plotted versus the mask defined active area and is

shown in Fig 4.2.1-2.  The slope of the fit corresponds to an oxide thickness of 2.6 nm and

the y-intercept gives a Co of ~ 31 pF.  The value Co is approximately the maximum value of

the field oxide capacitance and corresponds well to the value of 30.4 ± 1 pF measured on the

field oxide alone.  The measured capacitance was reduced to the oxide capacitance as

described at the beginning of Section 4.2.  The corrected average C-V characteristics for four

different area Hg-Caps are shown in Fig. 4.2.1-3 along with those modeled from the

corrected data.  The extracted values of equivalent oxide thickness, tEOT, from the CVC

modeling program are shown in Table 4-2.

Table 4-2 CVC extracted tEOT from Hg-Caps characteristics

Mask Defined
Active Area (x 10-5 cm2)

CVC tEOT from Total
Capacitance (nm)

CVC tEOT from Oxide
Capacitance (nm)

1.6 1.06 2.59
3.6 1.63 2.54
6.4 1.93 2.41
10.0 2.24 2.52

It can be seen in this table that the values of oxide thickness are more stable when using the

oxide capacitance in the model.  Plots of the capacitance at – 2.5 V versus the mask defined

active area for these Hg-Caps were made with linear fits to the corrected and modeled data.

Figure 4.2.1-4 shows the linear fit for the oxide capacitance.  The slope corresponds to an

oxide thickness of 2.58 nm and the y-intercept shows the capacitance of a zero-area device to

be 0.15 pF.  The modeled capacitance linear fit is shown in Fig. 4.2.1-5.  The slope of a
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linear fit gives an oxide thickness of 2.58 nm.  Including the gate electrode overlap results in

an increase in the extracted oxide thickness of 0.02 nm when extracted with the slope

method.

4.2.2 Poly-Caps

The n+/p and n+/n polysilicon capacitors were characterized with a standard probe

station connected to a HP 4284A LCR meter.  Measurements were made in the parallel mode

at 100 kHz.  The average measured C-V characteristics from 10-20 n+/p Poly-Caps are

shown in Fig. 4.2.2-1, along with the modeled curves for each of the four areas.  There is

very good agreement between the model and the total capacitance in both the accumulation

and depletion regions.  The plot of total capacitance at – 2.5 V versus the mask defined active

area is shown in Fig. 4.2.2-2.  From the slope of the linear fit, an oxide thickness of 2.36 nm

is predicted.  From the y-intercept of this plot, the value for Co is ~ 4 pF.  Figure 4.2.2-3

shows the corrected C-V characteristics with the modeled characteristics of the corrected

data.  The modeled oxide capacitance curves show an excellent match throughout the voltage

range with a very small difference in the transition from depletion to inversion for the 10.0 x

10-5 cm2 case.  Oxide thickness values extracted from CVC are given in Table 4-3.

Table 4-3 CVC extracted tEOT from n+/p Poly-Caps characteristics

Mask Defined
Active Area (x 10-5 cm2)

CVC tEOT from Total
Capacitance (nm)

CVC tEOT from Oxide
Capacitance (nm)

1.6 1.91 2.41
3.6 2.15 2.35
6.4 2.24 2.34
10.0 2.32 2.37
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Again, the oxide thickness values are more stable when using the oxide capacitance.  Linear

fits to the capacitance at – 2.5 V versus the mask defined active area were performed on plots

of the corrected and modeled data for these Poly-Caps.  The slope of the linear fit for the

oxide capacitance versus area, shown in Fig. 4.2.2-4, returns an oxide thickness of 2.34 nm;

while the slope for the modeled oxide capacitance, shown in Fig. 4.2.2-5, returns an oxide

thickness of 2.33 nm.  Again using the slope method, the capacitance of the gate electrode

overlap increases the equivalent oxide thickness by ~ 0.02 nm.

Similar plots are shown for the n+/n Poly-Caps in Figs. 4.2.2-6, -7, -8, -9, and -10 and

the same method of data acquisition was used.  The measured capacitance and corresponding

modeled curves are shown in Fig. 4.2.2-6.  There is excellent agreement between the

measured curves and the model fits.  The slope of the linear fit to the plot of total capacitance

at 2.5 V versus the mask defined active area as shown in Fig. 4.2.2-7 gives an oxide

thickness of 2.41 nm and the y-intercept shows a Co of ~ 4 pF.  The corrected and modeled

capacitance overlays are shown in Fig. 4.2.2-8.  The modeled curves match very well in

accumulation and depletion for all areas and there is only a slight deviation in the inversion

region.  The CVC extracted oxide thickness values for both the measured and corrected

capacitance are given in Table 4-4.

Table 4-4 CVC extracted tEOT from n+/n Poly-Caps characteristics

Mask Defined
Active Area (x 10-5 cm2)

CVC tEOT from Total
Capacitance (nm)

CVC tEOT from Oxide
Capacitance (nm)

1.6 1.88 2.39
3.6 2.12 2.36
6.4 2.22 2.35
10.0 2.28 2.37
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The oxide thickness values are more stable when using the oxide capacitance.  The oxide

capacitance and modeled oxide capacitance at 2.5 V are plotted versus the mask defined

active area in Figs. 4.2.2-9 and 4.2.2-10 and have similar slopes that correspond to oxide

thickness of 2.4 nm.  Using the slope method, the oxide thickness extracted from the total

capacitance curve results in an increase in equivalent oxide thickness of 0.01 nm.

From the data presented, it is seen that the overlap increases the equivalent oxide

thickness by ~ 0.02 nm when the slope method is used.  From Tables 4-2, -3, and –4, it is

observed that as the active area of the capacitor decreases there is a significant increase in the

difference between the methodologies of extracting oxide thickness from the as-measured

and the corrected capacitance.  Table 4-5 shows the differences between extracted metrics

and the methodologies for each type of capacitor including the y-intercept (Co), the slope

(m), the equivalent oxide thickness (tEOT) corresponding to the slope, and the R2 value of the

linear fit.

Table 4-5 Analysis methodology and extracted metrics

Capacitor Type Methodology Co (pF) Slope (µF/cm2) tEOT (nm) R2

CTOT vs AM-i 30.8 1.195 2.60 0.9982
Cox vs AM-i 0.15 1.202 2.58 0.9981metal / p

Hg-Caps
Cox.Mod vs AM-i 0.0036 1.203 2.58 0.9984

CTOT vs AM-i 4.06 1.212 2.36 0.9999
Cox vs AM-i 0.090 1.222 2.34 0.9999n+ / p

Poly-Caps
Cox.Mod vs AM-i 0.036 1.223 2.33 0.9998

CTOT vs AM-i 3.70 1.145 2.41 0.9999
Cox vs AM-i 0.16 1.150 2.40 0.9999n+ / n

Poly-Caps
Cox.Mod vs AM-i – 0.065 1.151 2.40 1.000
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From this table it can be seen that the maximum overlap capacitance for the Hg-probe is ~ 30

pF which is in excellent agreement with the average measured value of the field oxide

capacitance for all four quadrants of 30.4 +/- 1 pF.  The maximum overlap capacitance for

the Poly-Caps is ~ 4 pF and using the average gate electrode area, the classical definition

yields a thickness of ~ 350 nm which is comparable to the target field oxide thickness of

360.0 nm.  The Co values obtained using the corrected capacitance are all close to zero.  The

difference from zero is attributed to statistical variations related to spatial variations, non-

vertical sidewalls and an etch bias.

The inflection point of both the as-measured and corrected characteristics from a 10.0

x 10-5 cm2 capacitor was used to extract the flatband voltage.  Table 4-6 summarizes the

results.

Table 4-6 Flatband voltage from measured (CTOT) and corrected (Cox) C-V characteristics

Capacitor Type Flatband Voltage from the Inflection Point
VFB from CTOT                 VFB from Cox

∆∆∆∆VFB  (mV)

Hg-Cap – 0.785 – 0.783 2
n+/p Poly-Cap – 1.229 – 1.307 78
n+/n Poly-Cap – 0.088 – 0.005 83

It can be seen from the table that the differences in extracted flatband voltage from the as-

measured and corrected characteristics of the Hg-Cap is quite small, however, in the case of

the Poly-Caps, there is a difference of ~ 80 mV.  The flatband voltages, determined by CVC,

for the four areas and four gate oxide thicknesses are located in Appendix D.  Of special note

is the differences in oxide thickness, ~ 0.25 nm, and in flatband voltage, ~ 500 mV, between

the metal/p Hg-Caps and the n+/p Poly-Caps.  As is demonstrated in Chapter 5, this

difference is the result of air-borne contamination.
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4.3 Sidewall Contributions

As stated earlier, an overlapped capacitor contains three areas and each area has a

different thickness.  These are the active area, the field oxide, and usually a sidewall.  This

device structure can be modeled as three capacitors in parallel, specifically, the capacitors

formed by the active area (Cox), by the overlap of the gate electrode on the field oxide (CFox),

and by the sidewall (CSW).  The first two terms are calculated simply with the classic

equation C = εoKA/t, with tox used for the gate oxide, tFox for the field oxide, and K = 3.9.

Two assumptions are used to simplify the calculations for the sidewall capacitance.

First, the octagonal capacitor is assumed to be a square of the same area and, second, the

sidewall is assumed to encroach equally upon the field and active areas.

With these assumptions the active area, Aa, is reduced to

and, for a Hg-gate capacitor, the area of the field oxide, AFox, is

where AMask is the mask defined active area and AHg is the area of the Hg-probe.  For a

typical Al/Poly-Si overlapped capacitor similar changes are needed with the exception of

using the area of the gate electrode in place of the area of the Hg-probe.  With these changes

to the respective areas, the field oxide capacitance, CFox, and the gate oxide capacitance, Cox,

can be found using the classic definition.

(4.3-1)A A t ta Mask Fox ox= − −[ ( )]/1 2 1
2

2

(4.3-2)A A A t tFox Hg Mask Fox ox= − + −[ ( )]/1 2 1
2

2
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The capacitance from the sidewalls is slightly more difficult.  Since the classical

capacitance is a function of the ratio of area to thickness, the following integral was used to

calculate the sidewall capacitance.

A relation between the area and the thickness must be established in order to solve this

integral.  From the capacitor model being used, shown in Fig. 4.3-1, the sidewall area, ASW,

is related to the thickness by ASW = Aa
½ [(t-tox)/tan θ].  Using a 45º sidewall, this becomes

ASW = Aa
½ (t – tox).  The capacitance of the sidewalls, not including the corners is

and the capacitance of the corners is

The capacitance of the entire sidewall is then the sum of these two quantities.

Therefore the total capacitance becomes

(4.3-6)  .C C CSW S C= +

(4.3-7).C C C CTOT Fox ox SW= + +
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The initial attempts to integrate the capacitance resulted in a sidewall capacitance much less

than if the sidewalls were vertical, so another approach was taken.

The sidewall was divided into a countable number of wedges of set width.  The

number of wedges needed to account for the entire sidewall is the perimeter of the active area

divided by the chosen width of the wedge.  Here a width of 1 nm was chosen to avoid areas

close to the area of an individual molecule.

In the simple case of a vertical sidewall, the entire wedge is considered to be the same

thickness as the field oxide.  The capacitance is simply C = εoKWL/t, where W is the width

of the wedge and L is the length of the wedge.  The length is the difference between the

thickness of the field oxide and the gate oxide.

 For the 45° sidewall case, the wedge is broken into 1 nm x 1 nm columns.  The

thickness of each column increases by 1 nm / column as they are advanced from the active

area to the field.  This is shown graphically in Fig. 4.3-2.  The capacitance of the wedge is

then the sum of the capacitance from each column since the columns act as capacitors in

parallel.

The capacitance from the entire sidewall is the capacitance of the wedge multiplied

by the number of wedges needed to encompass the perimeter of the active area.  By using

wedges, the approximate capacitance for the sidewall of a capacitor of any area on the wafer

can be easily determined once the capacitance of the wedge is known.

Using a gate oxide thickness of 2.0 nm and a field oxide thickness of 360.0 nm, a

comparison of 45° and 90° (i.e., vertical) sidewalls is made.  Figure 4.3-3 shows the

calculated capacitance versus area for the two angles.  The contribution from the sidewall is
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small resulting in a percent difference that is less than 0.02 %.  Even in the case of the 10.0 x

10-5 cm2 device with 45° sidewalls, the contribution is on the order of 30 fF.  In Fig. 4.3-4,

the slope of the total capacitance versus area is shown for the 45° and 90° sidewalls.  The

slopes of the linear fits are identical.  The slope returns an oxide thickness of 2.01 nm.  A plot

of the difference in the two capacitances (i.e., 45° – 90°) versus active area is shown in Fig.

4.3-5.  Fitting a third-order polynomial, with capacitance in pF and area x 10-5 in cm2, to the

points results in

C = 1.13 x 10-5 A3 – 2.95 x 10-4 A2 + 4.03x 10-3 A + 5.22 x 10-3

with an R2 = 1.  Calculations made for areas of 1.6, 3.6, 6.4, and 10.0 x 10-5 cm2 result in

sidewall capacitance differences between 10-30 fF as shown in Table 4-7.

Table 4-7 Capacitance difference of vertical to non-vertical sidewalls

Mask Defined Active Area (x 10-5 cm2) Difference of 90º to 45º Sidewall (fF)
1.6 10.9
3.6 16.4
6.4 21.9
10.0 27.4

From these results, it is seen that using the assumption of vertical sidewalls is a very good

approximation except for large active areas (i.e., much greater than 10.0 x 10-5 cm2).

4.4 Etch Bias

A potential problem in the extraction of tox is the ‘unknown’ effect of an etch bias.

This effect was investigated by mathematically enlarging the active area to simulate over

etching.  The active area was enlarged by 1% and 5% of a 10.0 x 10-5 cm2 capacitor.  The

capacitance of four different active areas (1.6, 3.6, 6.4, and 10.0 x 10-5 cm2) was then
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calculated using C = εoKA/t.  The thickness used for the field oxide was 360.0 nm while the

gate oxide thickness was 2.0 nm.  The area of the gate electrode was set to 2.883 x 10-3 cm2.

Here the value of 3.9 is assigned for the dielectric constant.  The sidewall angle is assumed to

be vertical.  The total capacitance is then the sum of the capacitance from the field and the

gate.

Linear fits were done for the total capacitance, Fig. 4.4-1, and the oxide capacitance,

Fig. 4.4-2, versus active area without an etch bias and with the two etch biases.  The slope of

the linear fit to the total capacitance corresponds to an oxide thickness of 2.04 nm, while the

linear fit to the oxide capacitance gives an oxide thickness of 2.03 nm.  With a 1% etch bias

the slopes of capacitance versus area return oxide thickness values of 2.04 nm and 2.02 nm

for the total capacitance and the oxide capacitance, respectively.  Using a 5% bias returns

oxide thickness values of 2.03 nm and 2.02 nm for total and oxide capacitance, respectively.

This shows that an etch bias has a negligible effect on the slope method of

determining the oxide thickness (i.e., ∆tEOT ~ 0.01 nm).  There is little effect since the

calculated capacitance has a linear relation to the area and both etch biases were assumed

constant regardless of the size of the active area.  If this was not the case, then the physical

metrics that are summarized in Table 4-5 would be unphysical and the statistical metric (i.e.,

R2) would not be ~ 1.
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(a)

(b)

Figure 4.1-1 Schematic drawings of MOS capacitor

(a) Typical parallel plate model
(b) Model incorporating the gate electrode overlap and non-vertical

sidewalls

Gate Electrode

Gate Oxide

Si Substrate

Gate Electrode

Gate Oxide

Field Oxide

Si Substrate
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Figure 4.2.1-1 Plot of measured and modeled oxide capacitance versus voltage as a function
of area for the average values of 10-20 Hg-Caps.  There is excellent
agreement in the accumulation region.
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Figure 4.2.1-2 Total capacitance at – 2.5 V versus mask defined area for Hg-Caps.  The slope
of the linear fit corresponds to an oxide thickness of 2.6 nm and the intercept
shows a field oxide contribution of ~ 31 pF.
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Figure 4.2.1-3 Plot of corrected and modeled oxide capacitance versus voltage as a function
of area for the average values of 10-20 Hg-Caps.  There is excellent
agreement in the accumulation and depletion regions.
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Figure 4.2.1-4 Plot of the oxide capacitance at – 2.5 V versus area for the average values of
10-20 Hg-Caps.  The slope of the linear fit corresponds to tox

corrected = 2.58 nm.
The intercept shows the capacitance for a zero area device to be 0.15 pF.
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Figure 4.2.1-5 Modeled oxide capacitance at – 2.5 V versus mask defined active area for Hg-
Caps.  The slope gives an oxide thickness of 2.58 nm, which agrees with Figs.
4.2.1-2 and 4.2.1-4, and the intercept shows a capacitance of ~ 4 fF at zero
area.
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Figure 4.2.2-1 Plot of the C-V characteristics as measured and the corresponding model
curves for n+/p Poly-Caps.  There is good agreement in the accumulation and
depletion regions.
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Figure 4.2.2-2 Plot of the measured total capacitance at – 2.5 V versus area for the average
values of 10-20 n+/p Poly-Caps.  The slope of the linear fit gives tox

corrected =
2.36 nm and the intercept shows a field oxide contribution of ~ 4 pF.
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Figure 4.2.2-3 Plot of the corrected and modeled oxide capacitance versus voltage as a
function of area for the average values of 10-20 n+/p Poly-Caps.  There is
excellent agreement between the measured and modeled characteristics.
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Figure 4.2.2-4 Plot of the measured oxide capacitance at – 2.5 V versus area for the average
values of 10-20 n+/p Poly-Caps.  The slope of the linear fit corresponds to
tox

corrected = 2.34 nm.

20

40

60

80

100

120

140

0 2 4 6 8 10

Oxide Capacitance (@ - 2.5 V) vs Area
on n+/p Poly-Caps at 100 kHz

t
ox

corrected = 2.34 nm

y = 0.09036 + 12.219x R2= 0.99993 

O
xi

de
 C

ap
ac

ita
nc

e 
(p

F)

Area x 10-5 (cm2)



40

Figure 4.2.2-5 Plot of the modeled oxide capacitance at – 2.5 V versus area.  Model
calculations were performed on the average oxide capacitance from 10-20
n+/p Poly-Caps.  The slope of the linear fit gives tox

corrected = 2.33 nm, which is
in good agreement with the values from Figs. 4.2.2-2 and 4.2.2-4, and an
intercept showing a capacitance at zero area of ~ 36 fF.
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Figure 4.2.2-6 Plot of the C-V characteristics as measured and the corresponding model
curves for n+/n Poly-Caps.  There is good agreement throughout the voltage
range.
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Figure 4.2.2-7 Plot of the measured total capacitance at – 2.5 V versus area for the average
values of 10-20 n+/n Poly-Caps.  The slope of the linear fit gives tox

corrected =
2.41 nm and the intercept shows a field oxide contribution of ~ 4 pF.
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Figure 4.2.2-8 Plot of the corrected and modeled oxide capacitance versus voltage as a
function of area for the average values of 10-20 n+/n Poly-Caps.  There is
excellent agreement between the measured and modeled characteristics.
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Figure 4.2.2-9 Plot of the measured oxide capacitance at – 2.5 V versus area for the average
values of 10-20 n+/n Poly-Caps.  The slope of the linear fit corresponds to
tox

corrected = 2.4 nm.
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Figure 4.2.2-10 Plot of the modeled oxide capacitance at – 2.5 V versus area.  Model
calculations were performed on the average oxide capacitance from 10-20
n+/n Poly-Caps.  The slope of the linear fit gives tox

corrected = 2.4 nm, which is
in good agreement with the value from Fig. 4.2.2-7, and an intercept
showing a negative capacitance at zero area of ~ 65 fF.
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(a)

Gate Electrode

Gate Oxide

Field Oxide

Si Substrate

Gate Oxide
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(b)

Figure 4.3-1 Schematic of a MOS capacitor model used for sidewall capacitance
calculations

(a) Cross-sectional view
(b) Plane view

Figure 4.3-2 Diagram of wedge and column structures used for sidewall capacitance
calculations
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Figure 4.3-3 Plot of calculated sidewall capacitance versus area as a function of sidewall
angle.  The largest value is from a 45° sidewall for a 10.0 x 10-5 cm2 capacitor.
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Notice the value is only ~ 34 fF which is well below the sensitivity of NCSU
measurement tools.
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Figure 4.3-4 Plot of the calculated total capacitance versus area as a function of sidewall
angle.  The slopes of both linear-fits are identical and correspond to tox

corrected

of 2.01 nm, which compares favorably with the 2.0 nm value used for the
calculation.  The intercepts show CFox values that differ by 2 fF.
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Figure 4.3-5 Plot of the absolute difference in calculated sidewall capacitance of the
45°and 90° models versus area.  This shows that for small area capacitors the
assumption of vertical sidewalls is valid since the error will be in the tens of
fF range for a 10.0 x 10-5 cm2 capacitor.

Figure 4.4-1 Plot of the calculated total capacitance versus Area as a function of etch bias.
All three curves lie practically on top of one another.  The slopes of the linear-
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fit are nearly the same and give tox
corrected values that differ by 0.01 nm.  The

intercepts, giving CFox, differ by ~ 0.2 pF.
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Figure 4.4-2 Plot of calculated oxide capacitance versus area as a function of etch bias.
The slopes of the linear-fit are very close to each other and result in tox

corrected

differences of only 0.01 nm.  The intercept for the curve without etch bias
shows a Cox value at A = 0 of 0.149 pF.
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Chapter 5 Hydrated Organic Film Growth on SiO2

5.1 Experimental Details

Experiments were done on p- and n-type silicon wafers in order to investigate the

effects of a hydrated organic film (or ad-layer) that forms after the growth of SiO2.  The

oxide that was grown on the p-type wafer was obtained using the sub-atmospheric process

described in Chapter 3, while the oxide on the n-type wafer, with nominal thickness of ~ 2.0

nm, was grown using an atmosphere process at 700° C for 8 minutes with ramp up in

nitrogen with 1% O2.   Current-voltage and capacitance-voltage characteristics are used to

study the re-growth of the ad-layer over time after a thermal desorption “bake”.  Since the

oxide films are blankets, the measurements were conducted using a CV Map 92A Hg-probe

with an area of 7.300 x 10-4 cm2.  For the I-V measurements, the Map 92A electronics were

used and, for C-V measurements, the Hg-probe was connected to an HP 4284A LCR meter.

The wafers were stored in the NCSU cleanroom environment prior to these experiments and

in a Fluoroware™ single-wafer carrier in the electronic testing laboratory between

measurements.  Since the wafers were not measured immediately after oxide growth was

completed, a reference state was needed.  The reference state was the initial I-V and C-V

characteristics just before the thermal desorption “bake”.

Both wafer types were subjected to the same bake and measurement routine.  The ad-

layer was removed by baking the wafer on a hot plate at 200º C for 60 seconds followed by a

120 second cool down in air.  Subsequent I-V and C-V measurements for the p-type wafer

were made at times of ~ 0, 6, 24, and 48 hours after the bake [12] and at times of ~ 0, 6, 17,

and 24 hours for the n-type wafer.  In each measurement sequence, 8 sites were probed and

the average taken.  Changes in the characteristics are analyzed with respect to the reference



54

state and the methodology includes model-based extractions of the equivalent oxide

thickness (tEOT), flatband voltage (VFB), and interface trap density (Dit) from the C-V data.

5.2 Electrical Trends

The I-V characteristics from the p-type wafer are shown in Fig. 5.2-1 for the

reference state and at times of ~ 0 and 48 hours.  Immediately after the bake, the current at

one volt below flatband (i.e., ~ - 2 V) is approximately one decade greater than the reference

state.  A current increase of one decade corresponds to ~ 0.2 nm decrease in the apparent

oxide thickness [8,13].  Figure 5.2-2 shows only the voltage range from – 0.5 to – 2.5 V and

also includes the characteristics at times of 6 and 24 hours.  As the ad-layer re-grows, it is

seen that the current is steadily reduced and at 48 hours it is slightly less than the reference

state.

In Fig. 5.2-3, the C-V characteristics from the p-type wafer are shown for the

reference state and at times of ~ 0 and 48 hours after the bake.  Immediately after the bake,

an increase in the accumulation capacitance can be seen.  This increase corresponds to a

decrease in oxide thickness of ~ 0.2 nm.  This is a result of the ad-layer being desorbed.

After 48 hours, however, the accumulation capacitance has dropped below its pre-bake

values, implying that the ad-layer has re-grown to more than its original thickness, which is

consistent with the trends from I-V characteristics.  This larger apparent oxide thickness is

attributed to the wafer being stored in the electronic testing laboratory as opposed to the

cleanroom.  In addition to the change in accumulation capacitance, a shift in the flatband

voltage is evident.  This shift is more pronounced in Fig. 5.2-4 where the same C-V

characteristics are shown with a reduced voltage range of – 1.4 to – 0.2 V.  Additionally, the
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characteristics at times of 6 and 24 hours have been added.  The flatband has shifted

negatively ~ 195 mV after the bake.  Here the flatband is the inflection point that is extracted

from the first derivative of the C-V curve.  The model extracted flatbands and inflection point

flatbands are summarized in Table 5-1.  This negative shift in flatband is thought to be due to

a positive charge on the surface of the oxide.  The charge is likely caused by a non-

terminated bond structure that results from the removal of the ad-layer.  Additionally, a

component of the charge may be located at the interface as a result of an interfacial

reordering during the bake cycle.  As the ad-layer re-grows, the flatband shifts towards the

reference value.  After 48 hours, it is less than 50 mV from its original value.  It is postulated

that the re-growth of the ad-layer passivates the surface charge.

The results from the n-type wafer are similar.  The I-V characteristics are shown in

Figs. 5.2-5 and 5.2-6.  At one volt above flatband (i.e., ~ 1.3 V) there is a current increase of

approximately one decade which again correlates to a decrease in oxide thickness of ~ 0.2

nm.  The C-V characteristics are shown in Figs. 5.2-7 and 5.2-8.  Although the relative

quality of this low-temperature oxide is poor and hence the run away of the accumulation

capacitance, the shift in flatband is apparent.  Again there is a negative shift in the flatband

voltage but the shift is larger than the p-type wafer (~ 280 mV).  Over time, the re-growth of

the ad-layer is reflected by a decrease in both the tunneling current and the accumulation

capacitance as both approach the reference state.  Also, the flatband voltage shifts positively

and is ~ 100 mV less than the reference value after 24 hours.

The ad-layer affects I-V and C-V characteristics in a similar manner regardless of

substrate doping type.  The direction of carrier injection does not affect the impact of an ad-
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layer.  Both wafer types experience a negative shift in flatband voltage and a decrease in the

apparent oxide thickness as a result of the thermal desorption of the ad-layer.

5.3 CVC Analysis Trends

Using NCSU’s CVC program, the C-V characteristics were modeled.  The modeled

curves for the p-type wafer are shown in Figs. 5.3-1 and 5.3-2.  Table 5-1 contains the trends

of the model-based analysis for the p-type wafer and includes equivalent oxide thickness

(tEOT), flatband voltage (VFB) from both CVC and the inflection point, the difference between

these two extracted flatband voltages, and interface trap density (Dit).

Table 5-1 Trends in the modeled C-V characteristics for the p-type Blanket Wafer

Time from Bake tEOT (nm) CVC
VFB (V)

Inflection
Point VFB (V) ∆∆∆∆VFB (V) Dit (cm-2)

Before 2.72 – 0.831 – 1.045 0.214 2.15 x 1012

~ 0 hours 2.47 – 1.03 – 1.240 0.210 4.10 x 1012

6 hours 2.65 – 0.958 – 1.187 0.229 3.26 x 1012

24 hours 2.71 – 0.918 – 1.145 0.227 2.86 x 1012

48 hours 2.76 – 0.852 – 1.072 0.220 2.30 x 1012

The equivalent oxide thickness decreases by 0.25 nm after the bake.  The apparent oxide

thickness approaches its pre-bake value over 24 hours and is actually greater after 48 hours.

These trends show that the flatband voltage experiences a negative shift of ~ 200 mV

following the bake and gradually moves to a value ~ 25 mV less than the pre-bake value over

time.  Notice that the number of interface traps nearly doubles after the desorption of the ad-

layer and slowly returns to the pre-bake value as the ad-layer re-grows.  The substrate doping

from the analysis is ~ 3.15 x 1017 cm-3 +/- 0.15 x 1017 cm-3 and the ideal flatband voltage is –

0.6 V.
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If it is assumed that all the charge in the structure is located at the Si / SiO2 interface

(i.e., no fixed, oxide trapped, or mobile charges), then the shift in flatband voltage can be

compared to a change in interface trap densities.  With ∆VFB = ∆Qit/Cox and ∆Qit = ∆Dit •  q,

an expression for the change in interface trap density as a function of the change in flatband

voltage is realized, ∆Dit = (∆VFB •  Cox)/q.  Using this expression and an oxide thickness of

2.7 nm, the change in Dit from before the bake to immediately after the bake and to 48 hours

after the bake would be 1.59 x 1012 cm-2 and 1.68 x 1011 cm-2, respectively.  These estimates

agree well with differences in the CVC extracted values of 1.95 x 1012 cm-2 and 1.5 x 1011

cm-2, respectively.

The modeled fits for the n-type wafer are shown in Figs. 5.3-3 and 5.3-4.  The trends

of the model-based analysis of the n-type wafer are summarized in Table 5-2.

Table 5-2 Trends in the modeled C-V characteristics for the n-type Blanket Wafer

Time from Bake tEOT (nm) CVC
VFB (V)

Inflection
Point VFB (V) ∆∆∆∆VFB (V) Dit (cm-2)

Before 2.45 0.367 0.447 0.080 1.44x 1012

~ 0 hours -- -- 0.332 -- --
6 hours 2.10 0.371 0.438 0.067 1.66 x 1012

17 hours 2.20 0.374 0.445 0.071 1.54 x 1012

24 hours 2.42 0.308 0.374 0.066 1.99 x 1012

The model fit to the C-V characteristics immediately after the bake was extremely poor due

to the run away of the accumulation capacitance and therefore only the inflection point

metric is included.  Similar to the p-type wafer, the equivalent oxide thickness is reduced

after desorption of the ad-layer and approaches its reference value after the 24 hour period.

Also, the flatband voltage extracted from the inflection point experiences a decrease of ~ 100

mV immediately after the bake cycle.  The flatband voltage remains steady up to 24 hours
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where it drops by ~ 70 mV.  The substrate doping remained close to 3.00 x 10-17 cm-3 and the

ideal flatband voltage was 0.53 V.

Using the same method as outlined for the p-type wafer and an oxide thickness of 2.5

nm, the ∆Dit (∆VFB), from before the bake to 24 hours after the bake, was found to be 5.08 x

1011 cm-2, which compares favorably to the difference in the values extracted by CVC of 5.5

x 1011 cm-2.

5.4 Correlation with Optical Trends

A similar experiment using a p-type wafer and the same bake sequence was

conducted using spectroscopic ellipsometry (SE).  The KLA-Tencor 1280 SE was used to

take measurements and the wafer was stored in the spectrometer cleanroom.  Again, an initial

measurement was made before the bake and several measurements were taken over the

following 24 hours.  The apparent oxide thickness versus time is shown in Fig. 5.4-1 [14].

Immediately after the bake, a decrease in the apparent oxide thickness of ~ 0.2 nm is evident.

Over the next 24 hours the apparent thickness of the oxide has increased by ~ 0.25 nm due to

the re-growth of the ad-layer.  Hence, the impact of thermal desorption on oxide thickness is

quantitatively similar using both an electrical and optical analysis methodology.



59

Figure 5.2-1 I-V characteristics from a p-type blanket wafer showing curves for before a
200°C/60 sec bake and times ~ 0 and 48 hours after the bake.  Immediately
after the bake the current at VFB – 1 V has increased by approximately one
decade which corresponds to a decrease in oxide thickness of ~ 0.2 nm.
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Figure 5.2-2 Same as Fig. 5.2-1 except with additional curves at times of 6 and 24 hours
and a reduced voltage range of – 0.5 to – 2.5 V.  Notice the current is reduced
with time, showing the re-growth of the ad-layer.  Also the I-V characteristics
measured after 48 hours are very nearly the same as that from the pre-bake
measurement.
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Figure 5.2-3 C-V characteristics from a p-type blanket wafer before a bake cycle of 200°
C/60 sec, and at times of ~ 0 and 48 hours after the bake.  After the bake Cmax
has increased by an amount equivalent to a ~ 0.2 nm decrease in oxide
thickness.  After the 48 hours Cmax is actually lower than its pre-bake value
suggesting an ad-layer thicker than that present before the bake.
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Figure 5.2-4 Same as Fig. 5.2-3 except with a reduced voltage range of – 1.4 to – 0.2 V and
additional curves at times of 6 and 24 hours.  Notice the negative flatband
shift of ~ 195 mV immediately after the 200° C/60 sec bake, and its return
towards the pre-bake value over the 48 hour period.  The flatband shift is
thought to be the result of a positive charge that remains on the oxide after the
desorption of the ad-layer.  The ad-layer passivates the positive charge as it re-
grows.
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Figure 5.2-5 I-V characteristics from an n-type blanket wafer showing curves for before a
200°C/60 sec bake and times ~ 0 and 24 hours after the bake.  Immediately
after the bake the current at VFB + 1 V has increased by approximately one
decade which corresponds to a decrease in oxide thickness of ~ 0.2 nm.
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Figure 5.2-6 Same as Fig. 5.2-5 except with additional curves at times of 6 and 17 hours
and a reduced voltage range of – 0.5 to – 2.5 V.  Notice the current is reduced
with time, showing the re-growth of the ad-layer.  Also the I-V characteristics
measured after 24 hours are very nearly the same as that from the pre-bake
measurement.
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Figure 5.2-7 C-V characteristics from a n-type blanket wafer showing curves before a bake
cycle of 200° C/60 sec, and times of ~ 0 and 24 hours after the bake.  The
runaway in the accumulation capacitance is attributed to the poor quality of
the low-temperature oxide.  Even though, after the 24 hour period the C-V
characteristics are approaching the reference state.
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Figure 5.2-8 Same as Fig. 5.2-7 except with a reduced voltage range of – 0.3 to 0.9 V and
additional curves at times of 6 and 17 hours.  Notice the negative flatband
shift of ~ 280 mV immediately after the 200° C/60 sec bake, and its return
towards the pre-bake value over the 24 hour period.  The flatband shift is
thought to be the result of a positive charge that remains on the oxide after the
desorption of the ad-layer.  The ad-layer passivates the positive charge as it re-
grows.
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Figure 5.3-1 Plot of modeled C-V characteristics from the p-type Blanket Wafer.  There is
an increase in the accumulation capacitance immediately after the bake that
corresponds to a decrease in effective oxide thickness of ~ 0.25 nm.  After the
48 hour period the modeled C-V characteristics are close to those from the
reference state.
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Figure 5.3-2 Same as Fig. 5.3-1 with a reduced voltage range of –1.4 to –0.2 V.  Notice the
negative shift in flatband voltage of ~ 200 mV immediately after the bake.
The flatband voltage can be seen to shift towards the reference value over the
48 hour period.
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Figure 5.3-3 Plot of modeled C-V characteristics from the n-type Blanket Wafer.  The
modeled curve immediately after the bake is not included due to an extremely
poor fit.  However, at 6 hours the accumulation capacitance is ~ 200 pF
greater than the reference value corresponding to a decrease in effective oxide
thickness of ~ 0.35 nm.  After the 24 hour period the modeled C-V
characteristics are approaching the reference state.
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Figure 5.3-4 Same as Fig. 5.3-3 except with a reduced voltage range of –0.2 to 0.8 V.  The
flatband voltage approaches the reference value in the 24 hour period.

450

500

550

600

650

700

750

-0.2 0 0.2 0.4 0.6 0.8

Modeled Capacitance
From n-type Blanket Wafer

Over 24 Hour Period

Before Bake
6 hours
17 hours
24 hours

M
od

el
ed

 C
ap

ac
ita

nc
e 

(p
F)

V (V)



71

Figure 5.4-1 Plot of apparent oxide thickness showing desorption of the ad-layer at t ~ 0
hrs and the subsequent re-accretion of the ad-layer over a 24 hour period.
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Chapter 6 Concluding Remarks

The main focus of this research was the effects of the physical structure of a MOS

capacitor on the extracted value of an oxide thickness which is nominally 2.0 nm.  The

physical structure included the overlap of the gate electrode on the field oxide, a non-vertical

sidewall, and an etch bias to the active area.  In addition, the effects of the growth of an ad-

layer on a blanket oxide were assessed.

The effects of the physical structure of a MOS capacitor were addressed from C-V

characteristics and the extraction of oxide thickness from these characteristics.  The effects of

the ad-layer were studied using the I-V and C-V characteristics from a blanket oxide with a

Hg-gated electrode.

When using NCSU’s CVC analysis of the measured capacitance, it was shown that

the extent of the field-oxide overlap is important.  The overlap on Hg-Caps is relatively large,

~ 10-3 cm2.  Obviously the overlap area is reduced as the active area increases.  However, the

difference is quite large between the extremes of the mask- defined areas.  Comparing the 1.6

and 10.0 x 10-5 cm2 capacitors, the difference in oxide thickness using the as-measured

capacitance is ~ 1.5 nm and 0.25 nm, respectively, even though the difference in the overlap

area is only ~ 1 x 10-4 cm2.  Regardless, if the overlap is large, as it is with the Hg-probe, the

as-measured capacitance should be refined.  In the case of the Poly-Caps, the overlap

increases with increasing active area.  The difference in the extracted oxide thickness, from

the as-measured vs. the corrected capacitance, decreases as the active area increases, similar

to the trend observed for the Hg-Caps.  It was shown by using the slope method for

extracting oxide thickness that the increase in capacitance caused by the gate-electrode

overlap is significantly reduced.  Also, by using the corrected capacitance in a CVC analysis,
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the extracted values of oxide thickness are also consistent over the range of active areas that

were measured.

The effects of a non-vertical sidewall on extracted oxide thickness were shown to be

less than 0.01 nm.  For active areas that are less than 10.0 x 10-5 cm2, the assumption of

vertical sidewalls has little to no impact on the extracted oxide thickness, since the sidewall

capacitance for these size active areas is much less than 1 pF when a 45° sidewall is assumed.

The effects of a constant etch bias were shown to be negligible when oxide thickness

is extracted with the slope method.  The largest etch bias considered resulted in an error of

only 0.01 nm to the extracted oxide thickness.

The ad-layer was investigated from both I-V and C-V characteristics and using

flatband voltage and oxide thickness as the metrics to show the effects of this contamination

film.  The ad-layer was shown to affect both characteristics.  The current through the oxide

increased after the removal of the ad-layer and gradually approached the reference

characteristics over time.  The accumulation capacitance also increased after thermal

desorption of the ad-layer.  Both the increases in the current and accumulation capacitance

correspond to a decrease in equivalent oxide thickness of ~ 0.2 nm.  After the removal of the

ad-layer, the flatband voltage experienced a negative shift regardless of substrate type and

then returned towards the reference value over time.  It is interesting that the difference

between the extracted oxide-thickness metrics from the Hg-Caps and Poly-Caps was ~ 0.25

nm.  Additionally, there is a difference in flatband voltage of ~ 50 mV after the consideration

of the workfunction difference between the gate electrodes.  This difference could very well

be the result of the formation of an ad-layer on the Hg-Caps, which do not have a permanent

gate electrode.  The ad-layer affects both I-V and C-V characteristics and has a similar
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impact on the characteristics independent of substrate injection or gate injection.  The ad-

layer can be easily removed by baking the wafer at 200° C for 60 sec.
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Appendix A tox Look-up Tables

Three look-up tables were constructed using data collected from metal/p Hg-Caps,

and n+/p and n+/n Poly-Caps.  Several capacitors of different thickness were measured using

either a CV Map92A Hg-probe (Hg-Caps) or a standard probe station connected to a HP

4284A LCR meter.  The C-V characteristics were modeled using NCSU’CVC [6, 15] non-

linear least-squares analysis program.  The accumulation capacitance values taken at ± 2.5 V

were plotted versus tox.  A linear fit curve to adjacent points for each model results in an

equation that is used to determine the capacitance per unit area value that a particular oxide

thickness will yield.  This capacitance per unit area is tabulated with the corresponding oxide

thickness in Tables A-1, -2, and –3.  These tables allow quick determination of the oxide

thickness from a plot of capacitance versus area.  In the case of the n+/p Poly-Caps, the

measured data was also modeled using the classical definition of capacitance, UT Austin’s

UTQUANT [16], UC Berkeley’s QMCV, and IBM’s TQM [17].  It should be noted that the

extraction of oxide thickness does have a dependency on the model that is used.  For

instance, using Table A-2, a slope of 1.404 µF/cm2 will return an oxide thickness of 2.00 nm

(CVC), 1.95 nm (QMCV), 1.87 nm (UTQUANT), and 1.82 nm (TQM).  This shows that for

a given capacitance per unit area value, CVC will return the greatest oxide thickness and

TQM the smallest.
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Table A-1 Tabulated values of capacitance per unit area versus tox
corrected for NCSU's

CVC model and a metal (Hg) / p capacitor.

CVC
 (µµµµF/cm2)

tox
corrected

(nm)
2.794 1.00
2.769 1.01
2.743 1.02
2.719 1.03
2.694 1.04
2.671 1.05
2.647 1.06
2.624 1.07
2.602 1.08
2.580 1.09
2.558 1.10
2.537 1.11
2.516 1.12
2.495 1.13
2.475 1.14
2.455 1.15
2.436 1.16
2.417 1.17
2.398 1.18
2.379 1.19
2.361 1.20
2.343 1.21
2.326 1.22
2.308 1.23
2.291 1.24
2.274 1.25
2.258 1.26
2.242 1.27
2.226 1.28
2.210 1.29
2.194 1.30
2.179 1.31
2.164 1.32
2.149 1.33
2.135 1.34
2.120 1.35
2.106 1.36
2.092 1.37
2.078 1.38
2.065 1.39
2.052 1.40

CVC
(µµµµF/cm2)

tox
corrected

(nm)
2.038 1.41
2.025 1.42
2.013 1.43
2.000 1.44
1.988 1.45
1.975 1.46
1.963 1.47
1.951 1.48
1.939 1.49
1.928 1.50
1.916 1.51
1.905 1.52
1.894 1.53
1.883 1.54
1.872 1.55
1.861 1.56
1.851 1.57
1.840 1.58
1.830 1.59
1.819 1.60
1.809 1.61
1.799 1.62
1.790 1.63
1.780 1.64
1.770 1.65
1.761 1.66
1.751 1.67
1.742 1.68
1.733 1.69
1.724 1.70
1.715 1.71
1.706 1.72
1.697 1.73
1.689 1.74
1.680 1.75
1.672 1.76
1.663 1.77
1.655 1.78
1.647 1.79
1.639 1.80
1.631 1.81

CVC
 (µµµµF/cm2)

tox
corrected

(nm)
1.623 1.82
1.615 1.83
1.608 1.84
1.600 1.85
1.592 1.86
1.585 1.87
1.577 1.88
1.570 1.89
1.563 1.90
1.556 1.91
1.549 1.92
1.542 1.93
1.535 1.94
1.528 1.95
1.521 1.96
1.514 1.97
1.508 1.98
1.501 1.99
1.495 2.00
1.488 2.01
1.482 2.02
1.475 2.03
1.469 2.04
1.463 2.05
1.457 2.06
1.451 2.07
1.445 2.08
1.439 2.09
1.433 2.10
1.427 2.11
1.421 2.12
1.415 2.13
1.409 2.14
1.404 2.15
1.398 2.16
1.393 2.17
1.387 2.18
1.382 2.19
1.376 2.20
1.371 2.21
1.366 2.22
1.360 2.23
1.355 2.24
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CVC
(µµµµF/cm2)

tox
corrected

(nm)
1.350 2.25
1.345 2.26
1.340 2.27
1.335 2.28
1.330 2.29
1.325 2.30
1.320 2.31
1.315 2.32
1.310 2.33
1.306 2.34
1.301 2.35
1.296 2.36
1.292 2.37
1.287 2.38
1.282 2.39
1.278 2.40
1.273 2.41
1.269 2.42
1.265 2.43
1.260 2.44
1.256 2.45
1.251 2.46
1.247 2.47
1.243 2.48
1.239 2.49
1.235 2.50
1.230 2.51
1.226 2.52
1.222 2.53
1.218 2.54
1.214 2.55
1.210 2.56
1.206 2.57
1.202 2.58
1.198 2.59
1.195 2.60
1.191 2.61
1.187 2.62
1.183 2.63
1.179 2.64
1.176 2.65
1.172 2.66
1.168 2.67
1.165 2.68
1.161 2.69

CVC
(µµµµF/cm2)

tox
corrected

(nm)
1.158 2.70
1.154 2.71
1.150 2.72
1.147 2.73
1.143 2.74
1.140 2.75
1.137 2.76
1.133 2.77
1.130 2.78
1.126 2.79
1.123 2.80
1.120 2.81
1.117 2.82
1.113 2.83
1.110 2.84
1.107 2.85
1.104 2.86
1.101 2.87
1.097 2.88
1.094 2.89
1.091 2.90
1.088 2.91
1.085 2.92
1.082 2.93
1.079 2.94
1.076 2.95
1.073 2.96
1.070 2.97
1.067 2.98
1.064 2.99
1.061 3.00
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Table A-2 Tabulated values of model-based capacitance per unit area (µF/cm2) versus
                  tox

corrected for five models and a n+ poly-gate p substrate capacitor.

Classical CVC QMCV UTQUANT TQM tox
corrected(nm)

2.302 1.820 1.752 1.678 1.640 1.50
2.287 1.809 1.742 1.668 1.631 1.51
2.272 1.798 1.732 1.659 1.622 1.52
2.257 1.787 1.723 1.650 1.614 1.53
2.242 1.776 1.713 1.641 1.605 1.54
2.228 1.766 1.704 1.633 1.597 1.55
2.214 1.756 1.694 1.624 1.588 1.56
2.199 1.745 1.685 1.615 1.580 1.57
2.186 1.735 1.676 1.607 1.572 1.58
2.172 1.726 1.667 1.599 1.564 1.59
2.158 1.716 1.658 1.590 1.556 1.60
2.145 1.706 1.649 1.582 1.548 1.61
2.132 1.696 1.640 1.574 1.541 1.62
2.119 1.687 1.632 1.566 1.533 1.63
2.106 1.678 1.623 1.559 1.526 1.64
2.093 1.668 1.615 1.551 1.518 1.65
2.080 1.659 1.607 1.543 1.511 1.66
2.068 1.650 1.598 1.536 1.504 1.67
2.055 1.641 1.590 1.528 1.496 1.68
2.043 1.633 1.582 1.521 1.489 1.69
2.031 1.624 1.574 1.514 1.482 1.70
2.019 1.615 1.567 1.506 1.475 1.71
2.008 1.607 1.559 1.499 1.469 1.72
1.996 1.599 1.551 1.492 1.462 1.73
1.985 1.590 1.544 1.485 1.455 1.74
1.973 1.582 1.536 1.478 1.449 1.75
1.962 1.574 1.529 1.472 1.442 1.76
1.951 1.566 1.522 1.465 1.436 1.77
1.940 1.558 1.514 1.458 1.429 1.78
1.929 1.550 1.507 1.452 1.423 1.79
1.918 1.542 1.500 1.445 1.417 1.80
1.908 1.535 1.493 1.439 1.410 1.81
1.897 1.527 1.486 1.432 1.404 1.82
1.887 1.520 1.480 1.426 1.398 1.83
1.877 1.512 1.473 1.420 1.392 1.84
1.867 1.505 1.466 1.414 1.386 1.85
1.857 1.498 1.460 1.408 1.381 1.86
1.847 1.491 1.453 1.402 1.375 1.87
1.837 1.484 1.447 1.396 1.369 1.88
1.827 1.477 1.440 1.390 1.363 1.89
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Classical CVC QMCV UTQUANT TQM tox
corrected(nm)

1.817 1.470 1.434 1.384 1.358 1.90
1.808 1.463 1.428 1.378 1.352 1.91
1.799 1.456 1.421 1.373 1.347 1.92
1.789 1.449 1.415 1.367 1.341 1.93
1.780 1.442 1.409 1.361 1.336 1.94
1.771 1.436 1.403 1.356 1.331 1.95
1.762 1.429 1.397 1.350 1.326 1.96
1.753 1.423 1.391 1.345 1.320 1.97
1.744 1.417 1.386 1.340 1.315 1.98
1.735 1.410 1.380 1.334 1.310 1.99
1.727 1.404 1.374 1.329 1.305 2.00
1.718 1.398 1.368 1.323 1.299 2.01
1.710 1.391 1.362 1.318 1.294 2.02
1.701 1.385 1.356 1.312 1.288 2.03
1.693 1.379 1.350 1.307 1.283 2.04
1.684 1.373 1.344 1.301 1.278 2.05
1.676 1.367 1.339 1.296 1.272 2.06
1.668 1.361 1.333 1.291 1.267 2.07
1.660 1.355 1.327 1.285 1.262 2.08
1.652 1.349 1.322 1.280 1.257 2.09
1.644 1.344 1.316 1.275 1.251 2.10
1.637 1.338 1.311 1.270 1.246 2.11
1.629 1.332 1.305 1.265 1.241 2.12
1.621 1.327 1.300 1.260 1.236 2.13
1.614 1.321 1.294 1.255 1.231 2.14
1.606 1.316 1.289 1.250 1.227 2.15
1.599 1.310 1.284 1.245 1.222 2.16
1.591 1.305 1.279 1.240 1.217 2.17
1.584 1.299 1.273 1.235 1.212 2.18
1.577 1.294 1.268 1.231 1.207 2.19
1.570 1.289 1.263 1.226 1.203 2.20
1.563 1.284 1.258 1.221 1.198 2.21
1.555 1.278 1.253 1.217 1.194 2.22
1.549 1.273 1.248 1.212 1.189 2.23
1.542 1.268 1.243 1.207 1.184 2.24
1.535 1.263 1.239 1.203 1.180 2.25
1.528 1.258 1.234 1.198 1.176 2.26
1.521 1.253 1.229 1.194 1.171 2.27
1.515 1.248 1.224 1.190 1.167 2.28
1.508 1.243 1.220 1.185 1.163 2.29
1.501 1.239 1.215 1.181 1.158 2.30
1.495 1.234 1.210 1.177 1.154 2.31
1.488 1.229 1.206 1.172 1.150 2.32
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Classical CVC QMCV UTQUANT TQM tox
corrected(nm)

1.482 1.224 1.201 1.168 1.146 2.33
1.476 1.220 1.197 1.164 1.142 2.34
1.469 1.215 1.192 1.160 1.137 2.35
1.463 1.211 1.188 1.156 1.133 2.36
1.457 1.206 1.184 1.152 1.129 2.37
1.451 1.202 1.179 1.148 1.125 2.38
1.445 1.197 1.175 1.144 1.121 2.39
1.439 1.193 1.171 1.140 1.118 2.40
1.433 1.188 1.167 1.136 1.114 2.41
1.427 1.184 1.162 1.132 1.110 2.42
1.421 1.180 1.158 1.128 1.106 2.43
1.415 1.175 1.154 1.124 1.102 2.44
1.409 1.171 1.150 1.121 1.098 2.45
1.404 1.167 1.146 1.117 1.095 2.46
1.398 1.163 1.142 1.113 1.091 2.47
1.392 1.159 1.138 1.109 1.087 2.48
1.387 1.155 1.134 1.106 1.084 2.49
1.381 1.150 1.130 1.102 1.080 2.50
1.376 1.146 1.126 1.098 1.076 2.51
1.370 1.142 1.122 1.094 1.073 2.52
1.365 1.139 1.118 1.091 1.069 2.53
1.360 1.135 1.114 1.087 1.065 2.54
1.354 1.131 1.110 1.083 1.062 2.55
1.349 1.127 1.106 1.080 1.058 2.56
1.344 1.123 1.102 1.076 1.055 2.57
1.338 1.119 1.099 1.072 1.051 2.58
1.333 1.115 1.095 1.069 1.048 2.59
1.328 1.112 1.091 1.065 1.044 2.60
1.323 1.108 1.087 1.062 1.041 2.61
1.318 1.104 1.084 1.058 1.037 2.62
1.313 1.101 1.080 1.055 1.034 2.63
1.308 1.097 1.076 1.051 1.031 2.64
1.303 1.093 1.073 1.048 1.027 2.65
1.298 1.090 1.069 1.044 1.024 2.66
1.293 1.086 1.065 1.041 1.021 2.67
1.289 1.083 1.062 1.038 1.018 2.68
1.284 1.079 1.058 1.034 1.014 2.69
1.279 1.076 1.055 1.031 1.011 2.70
1.274 1.072 1.051 1.028 1.008 2.71
1.270 1.069 1.048 1.024 1.005 2.72
1.265 1.066 1.045 1.021 1.002 2.73
1.260 1.062 1.041 1.018 0.999 2.74
1.256 1.059 1.038 1.015 0.995 2.75
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Classical CVC QMCV UTQUANT TQM tox
corrected(nm)

1.251 1.056 1.034 1.012 0.992 2.76
1.247 1.052 1.031 1.008 0.989 2.77
1.242 1.049 1.028 1.005 0.986 2.78
1.238 1.046 1.025 1.002 0.983 2.79
1.233 1.042 1.021 0.999 0.980 2.80
1.229 1.039 1.018 0.996 0.977 2.81
1.225 1.036 1.015 0.993 0.974 2.82
1.220 1.033 1.012 0.990 0.972 2.83
1.216 1.030 1.009 0.987 0.969 2.84
1.212 1.027 1.005 0.984 0.966 2.85
1.207 1.024 1.002 0.981 0.963 2.86
1.203 1.021 0.999 0.978 0.960 2.87
1.199 1.017 0.996 0.975 0.957 2.88
1.195 1.014 0.993 0.972 0.954 2.89
1.191 1.011 0.990 0.970 0.952 2.90
1.187 1.008 0.987 0.967 0.949 2.91
1.183 1.005 0.984 0.964 0.946 2.92
1.179 1.003 0.981 0.961 0.944 2.93
1.175 1.000 0.978 0.958 0.941 2.94
1.171 0.997 0.975 0.956 0.938 2.95
1.167 0.994 0.972 0.953 0.935 2.96
1.163 0.991 0.969 0.950 0.933 2.97
1.159 0.988 0.967 0.947 0.930 2.98
1.155 0.985 0.964 0.945 0.928 2.99
1.151 0.982 0.961 0.942 0.925 3.00
1.147 0.979 0.958 0.939 0.922 3.01
1.143 0.977 0.955 0.936 0.920 3.02
1.140 0.974 0.952 0.934 0.917 3.03
1.136 0.971 0.950 0.931 0.914 3.04
1.132 0.968 0.947 0.928 0.912 3.05
1.128 0.965 0.944 0.926 0.909 3.06
1.125 0.962 0.941 0.923 0.907 3.07
1.121 0.959 0.938 0.920 0.904 3.08
1.118 0.956 0.936 0.918 0.902 3.09
1.114 0.953 0.933 0.915 0.899 3.10
1.110 0.951 0.930 0.913 0.897 3.11
1.107 0.948 0.928 0.910 0.894 3.12
1.103 0.945 0.925 0.907 0.892 3.13
1.100 0.942 0.922 0.905 0.889 3.14
1.096 0.939 0.920 0.902 0.887 3.15
1.093 0.937 0.917 0.900 0.884 3.16
1.089 0.934 0.915 0.897 0.882 3.17
1.086 0.931 0.912 0.895 0.879 3.18
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Classical CVC QMCV UTQUANT TQM tox
corrected(nm)

1.083 0.929 0.909 0.892 0.877 3.19
1.079 0.926 0.907 0.890 0.875 3.20
1.076 0.923 0.904 0.888 0.872 3.21
1.072 0.921 0.902 0.885 0.870 3.22
1.069 0.918 0.899 0.883 0.868 3.23
1.066 0.916 0.897 0.880 0.865 3.24
1.063 0.913 0.894 0.878 0.863 3.25
1.059 0.910 0.892 0.876 0.861 3.26
1.056 0.908 0.890 0.873 0.859 3.27
1.053 0.905 0.887 0.871 0.856 3.28
1.050 0.903 0.885 0.869 0.854 3.29
1.046 0.900 0.882 0.866 0.852 3.30
1.043 0.898 0.880 0.864 0.850 3.31
1.040 0.895 0.878 0.862 0.847 3.32
1.037 0.893 0.875 0.859 0.845 3.33
1.034 0.890 0.873 0.857 0.843 3.34
1.031 0.888 0.871 0.855 0.841 3.35
1.028 0.886 0.868 0.853 0.839 3.36
1.025 0.883 0.866 0.851 0.837 3.37
1.022 0.881 0.864 0.848 0.834 3.38
1.019 0.879 0.862 0.846 0.832 3.39
1.016 0.876 0.859 0.844 0.830 3.40
1.013 0.874 0.857 0.842 0.828 3.41
1.010 0.872 0.855 0.840 0.826 3.42
1.007 0.869 0.853 0.838 0.824 3.43
1.004 0.867 0.850 0.835 0.822 3.44
1.001 0.865 0.848 0.833 0.820 3.45
0.998 0.862 0.846 0.831 0.818 3.46
0.995 0.860 0.844 0.829 0.816 3.47
0.992 0.858 0.842 0.827 0.814 3.48
0.989 0.856 0.840 0.825 0.812 3.49
0.987 0.853 0.838 0.823 0.810 3.50
0.984 0.851 0.835 0.821 0.808 3.51
0.981 0.849 0.833 0.819 0.806 3.52
0.978 0.847 0.831 0.817 0.804 3.53
0.975 0.844 0.829 0.815 0.802 3.54
0.973 0.842 0.827 0.813 0.800 3.55
0.970 0.840 0.825 0.811 0.798 3.56
0.967 0.838 0.822 0.809 0.796 3.57
0.965 0.836 0.820 0.807 0.794 3.58
0.962 0.834 0.818 0.805 0.792 3.59
0.959 0.831 0.816 0.803 0.790 3.60
0.957 0.829 0.814 0.801 0.788 3.61
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Classical CVC QMCV UTQUANT TQM tox
corrected(nm)

0.954 0.827 0.812 0.799 0.786 3.62
0.951 0.825 0.810 0.797 0.785 3.63
0.949 0.823 0.808 0.795 0.783 3.64
0.946 0.821 0.806 0.793 0.781 3.65
0.943 0.819 0.804 0.791 0.779 3.66
0.941 0.817 0.802 0.789 0.777 3.67
0.938 0.815 0.800 0.787 0.775 3.68
0.936 0.813 0.798 0.785 0.773 3.69
0.933 0.811 0.796 0.783 0.772 3.70
0.931 0.809 0.794 0.781 0.770 3.71
0.928 0.807 0.792 0.779 0.768 3.72
0.926 0.805 0.790 0.778 0.766 3.73
0.923 0.803 0.788 0.776 0.764 3.74
0.921 0.801 0.786 0.774 0.763 3.75
0.918 0.799 0.784 0.772 0.761 3.76
0.916 0.797 0.782 0.770 0.759 3.77
0.914 0.795 0.780 0.768 0.757 3.78
0.911 0.793 0.778 0.767 0.756 3.79
0.909 0.791 0.776 0.765 0.754 3.80
0.906 0.789 0.775 0.763 0.752 3.81
0.904 0.787 0.773 0.761 0.750 3.82
0.902 0.785 0.771 0.760 0.749 3.83
0.899 0.783 0.769 0.758 0.747 3.84
0.897 0.782 0.767 0.756 0.745 3.85
0.895 0.780 0.765 0.754 0.744 3.86
0.892 0.778 0.764 0.753 0.742 3.87
0.890 0.776 0.762 0.751 0.740 3.88
0.888 0.774 0.760 0.749 0.739 3.89
0.885 0.772 0.758 0.748 0.737 3.90
0.883 0.771 0.756 0.746 0.735 3.91
0.881 0.769 0.755 0.744 0.734 3.92
0.879 0.767 0.753 0.742 0.732 3.93
0.876 0.765 0.751 0.741 0.730 3.94
0.874 0.763 0.749 0.739 0.729 3.95
0.872 0.762 0.748 0.738 0.727 3.96
0.870 0.760 0.746 0.736 0.726 3.97
0.868 0.758 0.744 0.734 0.724 3.98
0.865 0.756 0.743 0.733 0.723 3.99
0.863 0.755 0.741 0.731 0.721 4.00
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Table A-3 Tabulated values of capacitance per unit area versus tox
corrected for NCSU's

CVC model and an n+-gate on n substrate capacitor.

tox
corrected (nm) CVC (µµµµF/cm2)

1.00 1.950
1.01 1.943
1.02 1.935
1.03 1.928
1.04 1.920
1.05 1.913
1.06 1.906
1.07 1.898
1.08 1.891
1.09 1.883
1.10 1.876
1.11 1.869
1.12 1.861
1.13 1.854
1.14 1.846
1.15 1.839
1.16 1.832
1.17 1.824
1.18 1.817
1.19 1.809
1.20 1.802
1.21 1.795
1.22 1.787
1.23 1.780
1.24 1.772
1.25 1.765
1.26 1.758
1.27 1.750
1.28 1.743
1.29 1.735
1.30 1.728
1.31 1.721
1.32 1.713
1.33 1.706
1.34 1.698
1.35 1.691
1.36 1.684
1.37 1.676
1.38 1.669
1.39 1.661
1.40 1.654
1.41 1.647
1.42 1.639
1.43 1.632

tox
corrected (nm) CVC (µµµµF/cm2)

1.44 1.624
1.45 1.617
1.46 1.610
1.47 1.602
1.48 1.595
1.49 1.587
1.50 1.580
1.51 1.575
1.52 1.569
1.53 1.564
1.54 1.558
1.55 1.553
1.56 1.548
1.57 1.542
1.58 1.537
1.59 1.531
1.60 1.526
1.61 1.521
1.62 1.515
1.63 1.510
1.64 1.504
1.65 1.499
1.66 1.494
1.67 1.488
1.68 1.483
1.69 1.477
1.70 1.472
1.71 1.467
1.72 1.461
1.73 1.456
1.74 1.450
1.75 1.445
1.76 1.440
1.77 1.434
1.78 1.429
1.79 1.423
1.80 1.418
1.81 1.413
1.82 1.407
1.83 1.402
1.84 1.396
1.85 1.391
1.86 1.386
1.87 1.380
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tox
corrected (nm) CVC (µµµµF/cm2)

1.88 1.375
1.89 1.369
1.90 1.364
1.91 1.359
1.92 1.353
1.93 1.348
1.94 1.342
1.95 1.337
1.96 1.332
1.97 1.326
1.98 1.321
1.99 1.315
2.00 1.310
2.01 1.306
2.02 1.302
2.03 1.298
2.04 1.294
2.05 1.290
2.06 1.286
2.07 1.282
2.08 1.278
2.09 1.274
2.10 1.270
2.11 1.266
2.12 1.262
2.13 1.258
2.14 1.254
2.15 1.250
2.16 1.246
2.17 1.242
2.18 1.238
2.19 1.234
2.20 1.230
2.21 1.226
2.22 1.222
2.23 1.218
2.24 1.214
2.25 1.210
2.26 1.206
2.27 1.202
2.28 1.198
2.29 1.194
2.30 1.190
2.31 1.186
2.32 1.182
2.33 1.178
2.34 1.174
2.35 1.170

tox
corrected (nm) CVC (µµµµF/cm2)

2.36 1.166
2.37 1.162
2.38 1.158
2.39 1.154
2.40 1.150
2.41 1.146
2.42 1.142
2.43 1.138
2.44 1.134
2.45 1.130
2.46 1.126
2.47 1.122
2.48 1.118
2.49 1.114
2.50 1.110
2.51 1.107
2.52 1.104
2.53 1.101
2.54 1.098
2.55 1.095
2.56 1.092
2.57 1.089
2.58 1.086
2.59 1.083
2.60 1.080
2.61 1.077
2.62 1.074
2.63 1.070
2.64 1.067
2.65 1.064
2.66 1.061
2.67 1.058
2.68 1.055
2.69 1.052
2.70 1.049
2.71 1.046
2.72 1.043
2.73 1.040
2.74 1.037
2.75 1.034
2.76 1.031
2.77 1.028
2.78 1.025
2.79 1.022
2.80 1.019
2.81 1.016
2.82 1.013
2.83 1.010
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tox
corrected (nm) CVC (µµµµF/cm2)

2.84 1.007
2.85 1.004
2.86 1.001
2.87 0.998
2.88 0.994
2.89 0.991
2.90 0.988
2.91 0.985
2.92 0.982
2.93 0.979
2.94 0.976
2.95 0.973
2.96 0.970
2.97 0.967
2.98 0.964
2.99 0.961
3.00 0.958
3.01 0.956
3.02 0.953
3.03 0.951
3.04 0.949
3.05 0.947
3.06 0.944
3.07 0.942
3.08 0.940
3.09 0.937
3.10 0.935
3.11 0.933
3.12 0.930
3.13 0.928
3.14 0.926
3.15 0.924
3.16 0.921
3.17 0.919
3.18 0.917
3.19 0.914
3.20 0.912
3.21 0.910
3.22 0.907
3.23 0.905
3.24 0.903
3.25 0.901
3.26 0.898
3.27 0.896
3.28 0.894
3.29 0.891
3.30 0.889
3.31 0.887

tox
corrected (nm) CVC (µµµµF/cm2)

3.32 0.884
3.33 0.882
3.34 0.880
3.35 0.878
3.36 0.875
3.37 0.873
3.38 0.871
3.39 0.868
3.40 0.866
3.41 0.864
3.42 0.861
3.43 0.859
3.44 0.857
3.45 0.855
3.46 0.852
3.47 0.850
3.48 0.848
3.49 0.845
3.50 0.843
3.51 0.841
3.52 0.839
3.53 0.838
3.54 0.836
3.55 0.834
3.56 0.832
3.57 0.830
3.58 0.828
3.59 0.827
3.60 0.825
3.61 0.823
3.62 0.821
3.63 0.819
3.64 0.818
3.65 0.816
3.66 0.814
3.67 0.812
3.68 0.810
3.69 0.808
3.70 0.807
3.71 0.805
3.72 0.803
3.73 0.801
3.74 0.799
3.75 0.798
3.76 0.796
3.77 0.794
3.78 0.792
3.79 0.790
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tox
corrected (nm) CVC (µµµµF/cm2)

3.80 0.788
3.81 0.787
3.82 0.785
3.83 0.783
3.84 0.781
3.85 0.779
3.86 0.777
3.87 0.776
3.88 0.774
3.89 0.772
3.90 0.770
3.91 0.768
3.92 0.767
3.93 0.765
3.94 0.763
3.95 0.761
3.96 0.759
3.97 0.757
3.98 0.756
3.99 0.754
4.00 0.752
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Appendix B

ROUND ROBIN
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Appendix B Round Robin

A series of experiments was conducted in order to determine variations in C-V

characteristics due to various settings of the HP 4284A LCR meter.  The variations in

settings include frequency, mode (parallel vs. series), and correction (short circuit, open

circuit, none, and both).  Two n+/p Poly-Cap wafers were used, one with a nominal 2.5 nm

gate oxide thickness and the other with a nominal 4.0 nm gate oxide thickness.  No overlap

corrections were performed on the characteristics.

Experimental Details

All measurements were taken with a HP 4284A LCR meter connected to a standard

probe station.  Table B-1 shows the combinations of settings explored for the two gate

oxides.

Table B-1 Parameter space of settings for HP 4284A LCR meter

2.5 nm Gate Oxide 4.0 nm Gate Oxide
Active Area (x 10-5 cm2) 3.6 1.6, 3.6, 6.4, 10.0
Frequency (kHz) 100, 1000 10, 100, 1000
Modes Series, Parallel Series, Parallel
Corrections Short, Open, None, Both Open, None

Results

The capacitance-voltage characteristics for the nominal 4.0 nm gate oxide Poly-Caps

are shown in Figs. B–1 to B–34.  Figures B–1 to B–6 show the characteristics as a function

of area taken in parallel mode measured at the three frequencies with either an open circuit

correction or none.  Similar characteristics taken in series mode are shown in Figs. B–7 to B–
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12.  As seen in Figs B-13 to B-18, the capacitance of the 10.0 x 10-5 cm2 capacitor, measured

with an open circuit correction, is reduced by ~ 2 pF over the entire voltage range as

compared to the capacitance measured without a correction, regardless of mode or frequency.

The variations due to measurement frequency, shown in Figs. B–19 to B–34, are minimal.

At a frequency of 1 MHz there is some slight deviation from the characteristics at 10 and 100

kHz in the accumulation region.  The deviation decreases with active area, regardless of

mode or correction.  The deviations are in the range of 0.1 to 1 picoFarad.

The characteristics for the 2.5 nm capacitors are shown in Figs. B–35 to B–46.  For

these thin oxide capacitors, the type of correction used has a negligible effect on the as-

measured characteristics, as shown in Figs. B–35 to B–38.   The frequency differences in

parallel mode are quite similar to those from the 4.0 nm case.  As seen in Figs. B–39 to B–

42, the characteristics differ by ~ 1 pF in the accumulation region.  However, in the series

mode shown in Figs. B–43 to B–46, the lower frequency curves run away at – 2 V.
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Figure B-1 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
parallel mode at 10 kHz with no instrument correction.
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Figure B-2 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
parallel mode at 10 kHz with an open circuit correction.
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Figure B-3 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
parallel mode at 100 kHz with no instrument correction.
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Figure B-4 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
parallel mode at 100 kHz with an open circuit correction.
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Figure B-5 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
parallel mode at 1 MHz with no instrument correction.
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Figure B-6 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
parallel mode at 1 MHz with an open circuit correction.
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Figure B-7 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
series mode at 10 kHz with no instrument correction.
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Figure B-8 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
series mode at 10 kHz with an open circuit correction.
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Figure B-9 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
series mode at 100 kHz with no instrument correction.
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Figure B-10 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
series mode at 100 kHz with an open circuit correction.

0

20

40

60

80

100

120

-3 -2 -1 0 1 2

Series Mode 
100 kHz

Open Circuit Correction

10.0 x 10-5 cm2

6.4 x 10-5 cm2

3.6 x 10-5 cm2

1.6 x 10-5 cm2

M
ea

su
re

d 
C

ap
ac

ita
nc

e 
(p

F)

V (V)



105

Figure B-11 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
series mode at 1 MHz with no instrument correction.
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Figure B-12 Plot of capacitance versus voltage as a function of area from a Poly-Cap with
a nominal gate oxide thickness of 4.0 nm.  Measurements were made in the
series mode at 1 MHz with an open circuit correction.
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Figure B-13 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the parallel mode at 10 kHz.
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Figure B-14 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the parallel mode at 100 kHz.
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Figure B-15 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the parallel mode at 1 MHz.
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Figure B-16 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the series mode at 10 kHz.
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Figure B-17 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the series mode at 100 kHz.
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Figure B-18 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0
nm.  Measurements were made in the series mode at 1 MHz.

0

20

40

60

80

100

120

-3 -2 -1 0 1 2

Series Mode
1 MHz

Area = 10.0 x 10-5 cm2

No Correction
Open Circuit Correction

M
ea

su
re

d 
C

ap
ac

ita
nc

e 
(p

F)

V (V)



113

Figure B-19 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.
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Figure B-20 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.
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Figure B-21 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.
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Figure B-22 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.
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Figure B-23 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.
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Figure B-24 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.
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Figure B-25 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.
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Figure B-26 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 3.6 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.
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Figure B-27 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.
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Figure B-28 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.
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Figure B-29 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.
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Figure B-30 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 6.4 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.
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Figure B-31 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with no circuit correction.
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Figure B-32 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the parallel mode with an open circuit correction.
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Figure B-33 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with no circuit correction.
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Figure B-34 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 10.0 x 10-5 cm2 with a nominal gate oxide thickness of 4.0 nm.
Measurements were made in the series mode with an open circuit correction.
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Figure B-35 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the parallel mode at 100 kHz.
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Figure B-36 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the parallel mode at 1 MHz.
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Figure B-37 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the series mode at 100 kHz.
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Figure B-38 Plot of capacitance versus voltage as a function of circuit correction from a
Poly-Cap of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5
nm.  Measurements were made in the series mode at 1 MHz.
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Figure B-39 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with no circuit correction.
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Figure B-40 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with an open circuit correction.
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Figure B-41 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with a short circuit correction.
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Figure B-42 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the parallel mode with both open circuit and
short circuit corrections.
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Figure B-43 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with no circuit correction.
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Figure B-44 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with an open circuit correction.
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Figure B-45 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with a short circuit correction.
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Figure B-46 Plot of capacitance versus voltage as a function of frequency from a Poly-Cap
of area 1.6 x 10-5 cm2 with a nominal gate oxide thickness of 2.5 nm.
Measurements were made in the series mode with both open circuit and short
circuit corrections.
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Appendix C

CURRENT-VOLTAGE CHARACTERISTICS
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Appendix C Current-Voltage Characteristics

The current-voltage characteristics of n+/p and n+/n Poly-Caps were studied in order

to determine whether the direction of current flow affects the current density at a given bias

voltage relative to flatband voltage.  To address this issue, the average I-V characteristics

from both n+/p (Wafer ID: K-III-1) and n+/n (Wafer ID: K-III-1-N) Poly-Caps with a nominal

gate oxide thickness of 2.1 nm were analyzed.

Experimental Details

Measurements were made using a HP 4145A LCR meter connected to a standard

probe station.  The voltage was stepped in 50 mV increments from 0 to –3 V (n+/p) or 0 to 3

V (n+/n).  The average of typically 10 measurements per area, or quadrant, is used.

Results

The I-V characteristics as a function of area are shown in Figs. C-1 (n+/p) and C-2

(n+/n).  Note that the absolute value of the current through the n+/p capacitor is shown in

order to plot on a logarithmic scale.

In order to compare the I-V characteristics of capacitors with different substrate

types, the absolute value of both the current and the voltage is taken so that their

characteristics are in the first quadrant of a Cartesian coordinate system.  The voltage scale of

one set of characteristics is offset by a model-extracted value of the flatband voltage.  The

flatband voltage was extracted from a CVC model analysis of the C-V characteristics.  The

extracted values for the flatband voltage of the capacitors of area 1.6 and 3.6 x 10-5 cm2 are

given in Table C-1.



143

Table C-1 Flatband voltages of selected capacitors

Mask Defined Active Area (x 10-5 cm2) n+/p VFB (V) n+/n VFB (V)
1.6 – 0.950 – 0.00802
3.6 – 0.982 0.0125

Using these flatband voltages, the I-V characteristics of the n+/p capacitors were

adjusted (i.e. the voltage scale was shifted by the difference in the flatband voltages of the

two substrate types).  The overlay of the n+/n and adjusted n+/p I-V characteristics from the

1.6 x 10-5 cm2 capacitors are shown in Fig. C-3 and those from the 3.6 x 10-5 cm2 capacitors

in Fig. C-4.  In the linear region above 1.5 V, the I-V characteristics from the n+/p and n+/n

capacitors parallel each other for both areas.

Plots of current versus area are shown in Figs. C-5 (n+/p) and C-6 (n+/n) with the

current being taken at a voltage of VFB ∓ 1.5 V, in order to be within the linear region of the

I-V characteristics.  The slope of these plots is the average current density, Jave, for the four

quadrants of each wafer.  Table C-2 shows the values of Jave along with the zero area current,

Io, and the zero current area, Ao, for both substrate types extracted from the linear fits to the

current versus area plots.

Table C-2 Jave, Io, Ao, and R2 metrics extracted from current versus area plots

Jave (mA/cm2) Io (nA) Ao (x 10-5 cm2) R2

N+/p 7.31 -38.8 0.530 0.98739
N+/n 8.43 -19.5 0.232 0.94461
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The average current densities show that the average oxide thickness of the two wafer

types is extremely close.  Table C-3 shows the difference in oxide thickness from I-V and

from the CVC model for the four quadrants of both wafers.

Table C-3 Comparison of ∆tox from I-V and C-V of n+/p and n+/n wafers

Mask Defined Active Area (x 10-5 cm2) ∆∆∆∆tox from I-V (nm) ∆∆∆∆tox from C-V (nm)
1.6 0.0084 0.04
3.6 0.00085 0.03
6.4 0.030 0.03
10.0 0.0035 0.01

The ∆tox from I-V was determined using [18]

In conclusion, the I-V characteristics of n+/p and n+/n polysilicon-gated capacitors

with average oxide thickness values of 2.36 nm are essentially independent of the direction

of the current flow at VFB ∓ 1.5 V.
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Figure C-1 I-V characteristics from n+/p Poly-Caps with areas of 1.6, 3.6, 6.4, and 10.0 x
10-5 cm2.
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Figure C-2 I-V characteristics from n+/n Poly-Caps with areas of 1.6, 3.6, 6.4, and 10.0 x
10-5 cm2.
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Figure C-3 I-V characteristics from a 1.6 x 10-5 cm2 capacitor after the n+/p curve has
been shifted by the difference in flatband voltages.  At ~ 1.5 V both curves are
in the linear region and parallel one another.
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Figure C-4 I-V characteristics from a 3.6 x 10-5 cm2 capacitor after the n+/p curve has
been shifted by the difference in flatband voltages.  At ~ 1.5 V both curves are
in the linear region and parallel one another.
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Figure C-5 Plot of current at VFB - 1.5 V versus area from n+/p Poly-Caps.
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Figure C-6 Plot of current at VFB + 1.5 V versus area from n+/n Poly-Caps.
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Appendix D

ELECTRICAL CHARACTERISTICS OF SCALED OXIDES TABLES
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Appendix D Electrical Characteristics of Scaled Oxides Tables

This appendix contains tables of metrics obtained from the electrical characteristics of

n+/p and n+/n overlapped capacitors with scaled nominal gate dielectric thickness.  The

nominal oxide thickness includes 1.5, 1.8, 2.1, and 2.4 nm for both substrate types.  The

wafer IDs for each thickness and substrate type are shown in Table D-1.

Table D-1 Wafer IDs

Nominal Thickness (nm) p-type Substrate n-type Substrate
1.5 K-III-7 K-III-7-N
1.8 K-III-3 K-III-4-N
2.1 K-III-1 K-III-1-N
2.4 K-III-5 K-III-5-N

The tables below (D-2, -3, and -4) contain extracted metrics for n+/p and n+/n

overlapped capacitors with scaled gate oxides. The effective oxide thickness is the average

value over four quadrants and within ~ 30 mm of the wafer center. The extractions are based

on:

i) the capacitance at a given bias voltage (i.e., total (CTOT ), active area (Cox ) and modeled

(CMod using NCSU's CVC)) versus area at the mask level (i.e., AM-i );

ii) linear least-squares regression; and

iii) look-up tables of predicted tEOT values as a function of capacitance per unit area from

simulated C-V characteristics (i.e., NCSU's CVC model).
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Table D-2 Metrics extracted from n+/p overlapped capacitors with scaled oxide thickness

n+/p Overlapped Capacitors (at - 2.5 V)
Nominal Thickness
(nm) / Methodology Co (pF) Slope (µF/cm2) Ao (10-5 cm2) tEOT (nm) R2

1.5 / CTOT vs AM-I + 6.61 1.4953 – 0.441 1.86 0.99994
1.5 / Cox vs AM-I + 0.45 1.4971 – 0.030 1.86 0.99992
1.5 / CMod vs AM-I - 3.87 1.6685 + 0.232 1.65 1.00000
1.8 / CTOT vs AM-I + 5.68 1.4133 – 0.402 1.99 0.99931
1.8 / Cox vs AM-I – 0.09 1.4224 + 0.006 1.97 0.99924
1.8 / CMod vs AM-I – 0.88 1.4289 + 0.062 1.96 0.99943
2.1 / CTOT vs AM-I + 4.12 1.2114 – 0.340 2.36 0.99991
2.1 / Cox vs AM-I + 0.18 1.2212 – 0.015 2.34 0.99993
2.1 / CMod vs AM-I + 0.22 1.2122 – 0.018 2.36 0.99985
2.4 / CTOT vs AM-I + 3.60 1.1770 – 0.306 2.44 0.99992
2.4 / Cox vs AM-I – 0.31 1.1859 + 0.026 2.42 0.99993
2.4 / CMod vs AM-I – 0.28 1.1769 + 0.023 2.44 0.99985

Table D-3 Metrics extracted from n+/n overlapped capacitors with nominal oxide thickness of

1.5 nm

n+/n Overlapped Capacitors (at + 2 V)
Nominal Thickness
(nm) / Methodology Co (pF) Slope (µF/cm2) Ao (10-5 cm2) tEOT (nm) R2

1.5 / CTOT vs AM-I + 5.62 1.2382 – 0.454 2.19 0.99946
1.5 / Cox vs AM-I + 0.10 1.2508 – 0.008 2.16 0.99923
1.5 / CMod vs AM-I – 1.96 1.4299 + 0.137 1.81 0.99991
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Table D-4 Metrics extracted from n+/n overlapped capacitors with nominal oxide thickness of

1.8, 2.1, and 2.4 nm

n+/n Overlapped Capacitors (at + 2.5 V)
Nominal Thickness
(nm) /Methodology Co (pF) Slope (µF/cm2) Ao (10-5 cm2) tEOT (nm) R2

1.8 / CTOT vs AM-I + 4.09 1.2936 – 0.316 2.04 0.99994
1.8 / Cox vs AM-I + 0.24 1.3007 – 0.018 2.02 0.99994
1.8 / CMod vs AM-I + 0.39 1.2900 – 0.030 2.05 0.99999
2.1 / CTOT vs AM-I + 3.61 1.1516 – 0.314 2.40 0.99999
2.1 / Cox vs AM-I – 0.10 1.1532 + 0.008 2.39 0.99996
2.1 / CMod vs AM-I – 0.35 1.1643 + 0.023 2.36 0.99999
2.4 / CTOT vs AM-I + 3.67 1.0765 – 0.341 2.61 0.99992
2.4 / Cox vs AM-I – 0.24 1.0649 + 0.022 2.65 0.99993
2.4 / CMod vs AM-I – 0.18 1.0847 + 0.016 2.58 0.99991

The tables below (D-5, -6, -7 and -8) contain quadrant specific metrics that were extracted

from corrected C-V characteristics for n+/p overlapped capacitors with scaled gate oxides

using NCSU's CVC model. The analyzed C-V characteristics are the average of 10 devices

per array and hence quadrant (i.e., within ~ 30 mm of the wafer center).  The average value

of tEOT (in nm) that was extracted using the slope method for each wafer is also included in

these tabulations.

Table D-5 CVC extracted metrics from overlapped n+/p capacitor with nominal gate oxide

thickness of 1.5 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 1.361 – 1.380 – 1.335 – 1.378
VFB

Model (V) – 0.937 – 0.977 – 0.991 – 0.992
NPoly (x 1020 cm-3) 2.00 2.00 2.00 2.00
NSub (cm-3) 1.1E14 7.3E15 5.5E16 9.0E16
tEOT ( Cox vs V and analysis using CVC ) 1.96 1.78 1.86 1.69
tEOT (IBM’s TQM) 1.5 1.56 2.1 1.65
tEOT

 ( CMod vs AM-i ) 1.65
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Table D-6 CVC extracted metrics from overlapped n+/p capacitor with nominal gate oxide

thickness of 1.8 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 1.319 – 1.325 – 1.318 – 1.325
VFB

Model (V) – 0.823 – 0.927 – 0.958 –0.960
NPoly (x 1020 cm-3) 1.81 1.76 1.64 1.56
NSub (cm-3) 3.0E16 1.6E16 8.3E16 1.1E17
tEOT ( Cox vs V and analysis using CVC ) 2.17 2.02 1.96 2.01
tEOT (IBM’s TQM) 1.91 1.79 1.75 1.82
tEOT ( CMod vs AM-I ) 1.96

Table D-7 CVC extracted metrics from overlapped n+/p capacitor with nominal gate oxide

thickness of 2.1 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 1.303 – 1.305 – 1.303 – 1.282
VFB

Model (V) – 0.886 – 0.920 – 0.928 – 0.932
NPoly (x 1020 cm-3) 1.91 1.77 1.71 1.75
NSub (cm-3) 6.0E16 1.4E17 1.8E17 1.8E17
tEOT ( Cox vs V and analysis using CVC ) 2.41 2.35 2.34 2.37
tEOT (IBM’s TQM) 2.18 2.14 2.14 2.17
tEOT ( CMod vs AM-i ) 2.36

Table D-8 CVC extracted metrics from overlapped n+/p capacitor with nominal gate oxide

thickness of 2.4 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 1.295 – 1.297 – 1.296 – 1.299
VFB

Model (V) – 0.924 – 0.962 – 0.983 – 0.984
NPoly (x 1020 cm-3) 2.02 1.93 1.87 1.87
NSub (cm-3) 2.7E16 9.5E16 1.6E17 1.5E17
tEOT ( Cox vs V and analysis using CVC ) 2.55 2.49 2.44 2.47
tEOT (IBM’s TQM) 1.84 2.27 2.23 2.25
tEOT

 ( CMod vs AM-I ) 2.44

The tables below (D-9, -10, -11 and -12) contain quadrant specific metrics that were

extracted from corrected C-V characteristics for n+/n overlapped capacitors with scaled gate
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oxides using NCSU's CVC model. The analyzed C-V characteristics are the average of 10

devices per array and hence quadrant (i.e., within ~ 30 mm of the wafer center). The average

value of tEOT (in nm) that was extracted using the slope method for each wafer is also

included in these tabulations.

Table D-9 CVC extracted metrics from overlapped n+/n capacitor with nominal gate oxide

thickness of 1.5 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 0.042 – 0.045 – 0.043 – 0.045
VFB

Model (V) – 0.0898 – 0.0846 – 0.00554 – 0.0185
NPoly (x 1020 cm-3) 2.00 1.11 2.00 2.00
NSub (cm-3) 7.7E15 1.8E17 3.1E17 3.6E17
tEOT ( Cox vs V and analysis using CVC ) 1.89 1.95 1.77 1.79
tEOT

 ( CMod vs AM-i ) 1.81

Table D-10 CVC extracted metrics from overlapped n+/n capacitor with nominal gate oxide

thickness of 1.8 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 0.050 – 0.052 – 0.050 – 0.050
VFB

Model (V) – 0.0230 – 0.00742 0.00304 0.00604
NPoly (x 1020 cm-3) 1.81 1.76 1.65 1.56
NSub (cm-3) 2.3E17 3.9E17 4.9E17 5.0E17
tEOT ( Cox vs V and analysis using CVC ) 2.04 2.02 1.99 2.01
tEOT

 ( CMod vs AM-i ) 2.05
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Table D-11 CVC extracted metrics from overlapped n+/n capacitor with nominal gate oxide

thickness of 2.1 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 0.094 – 0.091 – 0.092 – 0.091
VFB

Model (V) 0.00555 0.00728 0.00825 0.00833
NPoly (x 1020 cm-3) 1.91 1.77 1.71 1.75
NSub (cm-3) 5.5E17 7.0E17 8.1E17 9.8E17
tEOT ( Cox vs V and analysis using CVC ) 2.39 2.36 2.35 2.37
tEOT

 ( CMod vs AM-i ) 2.36

Table D-12 CVC extracted metrics from overlapped n+/n capacitor with nominal gate oxide

thickness of 2.4 nm

Mask Defined Active Area (x 10-5 cm2) 1.6 3.6 6.4 10.0
Vinflection point (V) – 0.108 – 0.105 – 0.106 – 0.105
VFB

Model (V) – 0.00739 0.0155 0.0268 0.0278
NPoly (x 1020 cm-3) 2.02 1.93 1.87 1.87
NSub (cm-3) 4.0E17 6.5E17 7.8E17 8.1E17
tEOT ( Cox vs V and analysis using CVC ) 2.67 2.61 2.57 2.60
tEOT

 ( CMod vs AM-i ) 2.58
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Overview

• Device descriptions and measurement
concerns

• Correction to as-measured C-V
characteristics

• Analysis of ad-layer effects using C-V and
I-V characteristics
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Hg-probe Mask Layout:
Quadrant to Device

Active
Area

Sidewall
Area

10.0 x
10-5 cm2

1.6 x
10-5 cm2

3.6 x
10-5 cm2

6.4 x
10-5 cm2
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Reduction of the As-measured
Capacitance to the Active Area

Capacitance
The measured capacitance is the capacitance of the entire gate
electrode and includes contributions from

•  the active area (Cox),

•  the field oxide overlap from the gate electrode (CFox),
and

•  a contribution from any existing sidewall (CSW).
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Overlap Correction (cont)

With this in mind, the total or as-measured capacitance can be
written as

 

 

and with the classical definition of capacitance (C = εoKA/t)
we see that if the active area is zero, Cox and CSW must be
zero.

C C C CTOT Fox ox SW= + +
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Overlap Correction (cont)

With the classical definition of capacitance, a linear fit to a
plot of CTOT versus the mask defined active area will result in
an equation of the form

 

 

where Co is the y-intercept with units of capacitance and m is
the slope of the line with units of capacitance / unit area.

As AM goes to zero Cox and CSW go to zero and Co is ~ CFox.

C C mATOT o M= +
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Overlap Correction (cont)
With Co and the area of the gate electrode known, the
measured capacitance can be reduced to the active
area, or oxide, capacitance with the following
equation
 
 

This method was used to determine the oxide
capacitance using a Hg-gate on p-type substrate and
an n+ polysilicon-gate on p-type substrate capacitors.166



C-V Characteristics of Hg-Caps
with Overlap Correction
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C-V Characteristics of Hg-Caps
with Overlap Correction
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tox Look-up Table for Hg/p

2.611.191

2.601.195

2.591.198

2.581.202

2.571.206

tox
corrected (nm)CVC (µµµµF/cm2)
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C-V Characteristics of Hg-Caps
with Overlap Correction (cont)
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C-V Characteristics of Hg-Caps
with Overlap Correction (cont)
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C-V Characteristics of Hg-Caps
with Overlap Correction (cont)
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C-V Characteristics of Hg-Caps
with Overlap Correction (cont)

2.522.2410.0

2.411.936.4

2.541.633.6

2.591.061.6

CVC tEOT from Oxide
Capacitance (nm)

CVC tEOT from Total
Capacitance (nm)

Mask Defined Active Area
(x 10-5 cm2)
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Metal/p Hg-Caps
tox as determined from slope method and VFB from CVC and
inflection point (IP)

  

 

 

 

Gate electrode overlap increases extracted tox by 0.02 nm.

The change in flatband voltage from the inflection point is
negligible (~ 2 mV) while the change from CVC is ~ 400
mV.

-0.783-0.785VFB
IP (V)

2.582.60tox (nm)

- 0.673- 1.09VFB
CVC (V)

CoxCTOT
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C-V Characteristics of Poly-Caps
with Overlap Correction
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C-V Characteristics of Poly-Caps
with Overlap Correction
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n+/p Poly-Caps
tox as determined from slope method and VFB from CVC and
inflection point (IP)

Gate electrode overlap increases extracted tox by 0.01 - 0.02
nm and a shift in flatband voltage close to 80 mV.

-1.307-1.229VFB
IP (V)

2.342.36tox (nm)
-0.917- 1.00VFB

CVC (V)

CoxCTOT
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Conclusions – Overlap
Correction

• The gate electrode overlap causes small
inaccuracies in the extraction of tox using
the slope method

• The capacitance from the gate electrode
overlap must be removed for accuracy in
the extraction of tox and VFB for a specific
area
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Difference in Extracted Gate
Oxide Thickness Between the

Two Capacitor Types
• There is a difference of ~ 0.2 to 0.3 nm in extracted oxide

thickness from the two types of capacitors even though
gate oxidation was done in the same run

• Suspected to be caused by the growth of a hydrated
organic film (or ad-layer) on the Hg-Caps

• The gate oxide on the Poly-Caps was covered by the gate
electrode and, hence, the ad-layer was not able to form
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Ad-layer Experimental Setup
• Blanket oxides on p-type and n-type Si wafers

• Measurements made with CV Map92A hg-probe connected
to an HP 4284A LCR meter

• Initial I-V and C-V characteristics used as reference state

• Ad-layer desorbed by 200° C / 60 sec. bake

• Measurements taken at times of ~ 0, 6, 24, and 48 hours (p-
type) or ~ 0, 6, 17, and 24 hours (n-type) after bake

• Changes in characteristics analyzed with respect to reference
state and model-based extractions of equivalent oxide
thickness (tEOT), flatband voltage (VFB), and interface trap
density (Dit)
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I-V Characteristics for Ad-layer
on p-type Blanket Wafer
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I-V Characteristics for Ad-layer
on p-type Blanket Wafer
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Experimental I-V Trends for p-
type Blanket Wafer

I-V Characteristics
• Immediately after the bake

there is a one decade
increase in tunneling
current corresponding to
an ~ 0.2 nm decrease in
tEOT

• Ad-layer regrows over 48
hours as seen by reduction
in current
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C-V Characteristics of Ad-layer
on p-type Blanket Wafer
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C-V Characteristics of Ad-layer
on p-type Blanket Wafer
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Modeled C-V Trends for p-type
Blanket Wafer

Modeled C-V characteristics
• Immediately after the bake

– Increase in accumulation
capacitance corresponding
to an ~ 0.2 nm decrease in
tEOT

– Negative flatband shift of ~
200 mV

– Dit increase by a factor of 2
• After 48 hours the

modeled characteristics
are nearly the same as
reference
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Experimental Trends for Ad-
layer on n-type Blanket Wafer

• Immediately after the bake
– Increase in tunneling current and accumulation

capacitance corresponding to a decrease in
oxide thickness of ~ 0.2 nm

– Negative shift in flatband voltage of ~ 300 mV
• Return toward reference characteristics over

time
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Ad-layer Trends from CVC

1.990.3082.4224 hours

Dit (x 1012 cm-2)VFB (V)tEOT (nm)Time from Bake

1.660.3712.106 hours

- -- -- -~ 0 hours *

1.440.3672.45Before

n-type Blanket Wafer
2.30-0.8522.7648 hours

4.10-1.032.47~ 0 hours

2.15-0.8312.72Before

Dit (x 1012 cm-2)VFB (V)tEOT (nm)Time from Bake

p-type Blanket Wafer

* – Poor model fit due to run away of accumulation capacitance
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Conclusions — Ad-layer
• Increase in the apparent oxide thickness of ~ 0.2

nm
• Shifts flatband voltage negatively ~ 200 – 300 mV
• After desorption, ad-layer regrows over time
• Carrier direction does not seem to be a factor
• A similar bake sequence done on a p-type and the

changes in apparent oxide thickness measured
using spectroscopic ellipsometry resulted in
quantitatively similar changes in the apparent
oxide thickness
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