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Thin Dielectrics for MOS Gate
MOS gate oxides thickness in logic, dynamic memory and non-volatile memory has been scaled
to enhance the performance

ID ∝ Charge x velocity
∝ Cox (VGS - VT) x velocity
∝ Cox (VGS - VT) x velocity
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. (Ref: S. Asai, Microelectronics Engg., Sept. 1996)

• Within the next few years gate dielectric thickness will be scaled to below 20 Å
• This is approaching the fundamental limit for proper circuit operation.
• Supply voltage has not scaled proportionately according to the classical scaling theory.

Degradation and breakdown is caused due to electrical stress. Therefore lifetime and reliability
of such ultrathin dielectric films may be a show stopper in the evolution of the current
technology.
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 (Ref: Gupta, et al., IEEE Electron Dev. Lett. Dec. 1997)

• Dopant diffusion from gate poly-Si into the channel can cause VT shift. The problem is more serious
for p+ poly-Si, i.e., boron diffusion.

• Performance degradation due to tox(electrical) > tox(physical)
 Carrier quantization in the channel due to quantum confinement.
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 Electron concentration as a function of the distance from the Si/SiO2 interface as predicted by
the-classical model and by a Q-M model for a MOS structure. (Ref. T.-Y. Oh PhD thsis, Stanford

Univ. 2004)
)

 Carrier depletion in poly-Si gate. This occurs because of high E - field due to a
combination of higher supply voltage and thinner gate oxide.

tox(electrical)

 tox(physical)

Gate depletion

Oxide

Substrate

Combined effect of depletion and quantization is to increase effective tox and thus reduce Cox
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Carrier quantization in the channel Carrier depletion in poly-Si gate

 
 (Buchanan and Lo, Proc. ECS Vol. PV 96-1, 1996)

A reduced Cox implies reduction in gm.

Fig. Threshold voltage shift(=Vth QM -Vth Classical) with different substrate doping
concentration and oxide thickness.  (Ref. T.-Y. Oh PhD thsis, Stanford Univ. 2004)
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Fig. Transconductance calculation result using QM and classical methods with various oxide
thicknesses. Substrate doping is p-type 5e17cm3. (Ref. T.-Y. Oh PhD thsis, Stanford Univ. 2004)

Note that care should be taken in interpreting the C-V measurements of ultrathin
dielectrics because of increased leakage current through the dielectric which represents
a resistive component in the equivalent circuit.

Techniques to Form MOS Gate Dielectric

Thermal oxidation in a Furnace

(or H20)
Si + O2 = SiO2

Si + 2H2O = SiO2 + 2H2
• Inexpensive
• Excellent temperature uniformity ⇒ good thickness uniformity
• High thermal mass ⇒ long process times ⇒ good for thicker oxides
• Not good for growing ultrathin gate oxides.
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Lamp Heated Rapid Thermal Oxidation
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• Low thermal mass ⇒ short process times.
• Ideal for growing ultrathin gate oxides.
• Multiprocessing ideal for nitrided oxides.
• Rapid thermal CVD of ultrathin Si3N4

Plasma  CVD System

RF

Plasma

~

Chuck

• Low temperature (<400°C) deposition of reasonably good quality SiO2 possible
• Primarily used in low temperature applications, e.g., TFTs for displays
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Atomic layer CVD (ALCVD)

In this method the deposition is done layer by layer. ALCVD reaction sequence is shown below.
The reaction precursors are adsorbed one monolayer at a time and then energy for reaction is
supplied by heat, light or plasma. This sequence is repeated till the desired thickness is achieved.
Since the deposition is done one one monolayer at a time, thickness control is very precise.
Therefore this technique is ideal for ultrathin film deposition.

1) ZrCl4(g)

2) ZrCl4(ad)

3) ZrCl4(ad) + 2H2O (g) →ZrO2 (ad) + 4HCl (g) 

4) ZrO2(ad)

Being investigated for high-k dielectrics like ZrO2, HfO2

Schematic of ALCVD equipment

Wafer

Heated Pedestal (>400oC)

Showerhead

Gas input
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Microstructure of SiO2

The primary structural unit of all solid forms of SiO2 is the SiO4 tetrahedron. The local
tetrahedral atomic order, with bond angle of 109° between O - Si - O, is maintained in all forms
of SiO2 whether it be crystalline, vitreous, or amorphous. Amorphous SiO2 (which is of greater
interest here) still shows the local tetrahedral coordination. The linking of these tetrahedra to
form the solid is achieved through the bonding which occurs at the corners of the tetrahedra. The
bonding angle between the Si-O-Si atoms, at the corners of adjacent tetrahedra, is also shown in
the figure below. This ever changing bond angle (generally varies from 120° to 180°) produces a
“continuous random network model” for amorphous SiO2.

This microstructure gives rise to a band structure with a large band gap of about 9 eV.

Fig. Ref: J.W.McPherson and H.C. Mogul, IRPS April 1998

crystalline quartz

(b) amorphous SiO2
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Conduction in Dielectrics
As device technology is improved, device dimensions have been reduced dramatically. A few
years ago a potential of 5V was applied across 500Å oxides in CMOS applications. Today we
use 3.3V drop across 40Å oxides. So the oxide electric field has been increasing with time. With
a high field on thin oxides, the thin oxides will no longer be perfect insulators. Quantum
mechanical tunneling of carriers through gate oxide can occur. There are two types of tunneling,
as shown in the figure below.

n+ poly
e

sub

Vox
φb

(a)

n+ poly
e

sub

Vox

(b)

φb

The energy band diagrams for (a) Fowler-Nordheim tunneling (b) direct tunneling.

1. Fowler-Nordheim Tunneling

Under the influence of an electric field band bending occurs resulting in apparent thinning of the
barrier.  Electrons and even holes can tunnel through the barrier and reach the conduction and the
valance band of the oxide, respectively. This is called Fowler-Nordheim (F-N) tunneling, first
proposed by Fowler and Nordheim, where the electrons are injected by tunneling into the
conduction band of the oxide through a triangular energy barrier. The Wentzel-Kramers-
Brillouin (WKB) approximation is usually applied for this calculation with the final result shown
in the following expression:

€ 

J = AEox
2 e

− B
Eox

where 

€ 

A =
q3m

8πhmoxφb
, B =

8π 2mox φb
32

3hq
, e is the electron charge, h is the Planck's constant,

φb  is the barrier height at the interface of the injecting electrode and the oxide, m is the mass of
electron in vacuum, mox is the average electron mass in the oxide and has been calculated to be
in the range of about 0.5m.
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The above equation is for the ideal case where T= 0°K. If the temperature is taken into
account, then A will be changed to the following equation:

A = q3

8πhmox
* φb

•
πckT

sin(πckT )

where  
  
C =

2 2mox φb
hqEox

.

2. Direct Tunneling
The second type of tunneling is called direct tunneling with a trapezoidal barrier as shown in
figure above. It happens in very thin gate oxides and requires only a low electric field. Usually,
direct tunneling current dominates when the oxide thickness is less than 40Å. As the oxide
thickness is reduced the tunneling current increases exponentially.  Below 30Å the current is
excessive for reliable circuit operation.The relationship describing the tunneling current is
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J = AEox
2 exp

−B 1− (1− Vox

φb
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3.  Trap Assisted Tunneling

Even at fairly low fields gate leakage is observed in MOS devices.  This can be attributed to
tunneling assisted by the traps in the bulk of the dielectric. Trap assisted tunneling can take place
at very low electric fields. If the density of traps is increased the leakage will also increase.
Electrical stress can increase the number of these traps. The associated leakage is known as
stress induced leakage current (SILC).

Traps Traps
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 Trap assisted tunneling resulting in leakage

 I-V Characteristics of a thin film of SiO2

Examples of Problems Caused by Conduction and Trapping in SiO2

Hot Carrier Effects
From our p-n junction discussion we remember that the maximum electric field intensity is near
the junction itself and it increases with the reverse bias.  In the case of MOS transistor the
maximum electric filed is near the drain-substrate junction.  The drain reverse bias has to be
dropped from drain to source.  As the channel length is reduced the electric field intensity in the
channel near the drain increases more rapidly in comparison to the long channel case.

Potential variation along the channel for MOS transistors with 2.5 and
0.5 µm channel lengths. The 0.5 µm device shows DIBL effect.
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Energy of injected electrons in the conduction band of SiO2 (Ref: El-Kareh/Tonti, IRPS

1997)

e

(a) (b)

e

Fowler-Nordheim Tunneling Hot electron injection

The free carriers passing through the high-field can gain sufficient energy and are known as hot-
carriers. Some of the hot carriers can have sufficient energy to overcome the oxide-Si barrier.
They are injected from channel to the gate oxide (process 1) and cause gate current to flow.
Trapping of some of this charge can change VT permanently.  Avalanching can take place
producing electron-hole pairs (process 2).  The holes produced by avalanching drift into the
substrate and are collected by the substrate contact (process 3) causing Isub.  IR drop due to Isub
(process 4) can cause substrate-source junction to be forward biased causing electrons to be
injected from source into substrate (process 5).  Some of the injected electrons are collected by
the reversed biased drain and cause a parasitic bipolar action (process 5).
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Hot carrier effects in an MOS transistor

Stress Induced Changes in MOS Transistor Properties

In general several properties of the device are affected as a result of electrical stress.

• Threshold voltage
• Transconductance
• Gate leakage
• Source/drain junction breakdown voltage

These changes can be used to monitor the reliability of a transistor.

Hot carrier effects in a BJT

Similarly in bipolar transistors hot carriers are generated in the reverse biased emitter-base and
collector-base junctions.  Some of these are injected into the SiO2.  It has been observed that
junction breakdown changes, hFE is reduced and low frequency (1/f) noise is increased due to
conduction and trapping of electrons and holes in the SiO2.
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Electrically programmable memories

These devices work by storing charge on a floating gate. Programming and erasing is done by
electron conduction through thin SiO2. Damage has to be minimized to get higher lifetime.
Repeated conduction through the oxide leads to change in the threshold voltage eventually
leading to the circuit failure.

         

Vt shift due to carrier trapping during program and erase functions.
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Mechanisms for Damage

 The Si/SiO2 interface has an abrupt transition with dangling bonds and changing band structure.
As a result there are a large number of traps at the interface (Dit). Thermally grown or deposited
SiO2 has some traps in the bulk, which can capture electrons and holes. Generally a good quality
thermally grown SiO2 has very few bulk traps. On the other hand deposited oxides have many
bulk traps. Electrical stressing can generate many new traps both at the Si/SiO2 interface and in
the bulk. The generation of traps is responsible for causing the damage.

Several models have been developed by different researchers to explain the oxide degradation
and breakdown. The common essence is summarized below.

If the electric field is sufficiently high, Fowler-Nordheim tunneling or hot carrier injection of
electrons occurs into the conduction band of the oxide.  They gain energy from the electric field
and lose it through lattice scattering.  Some of these electrons lose all of the excess energy and
get trapped in the oxide if traps are present in it.  Many electrons continue to conduct in the
conduction band.  At the anode they fall into the conduction band of Si and in the process lose
the excess energy, which can be as high as 3-9 eV.  The loss of the excess energy can cause
damage through several ways.

e

Oxide
h

(1)

(2)

(4)

(5)
(6)

e

e

h
(3)

(3)

Anode

Cathode

Electron energy at anode

After DiMaria et al. (IBM)
n(E)

E (eV)
0 105

(1) Electron injection
(2) Energy released by hot electron
(3) Bond breaking - trap generation
(4) Hot hole generation
(5) Energy released by hot hole - trap generation
(6) Hydrogen release - trap generation

Dielectric Degradation Mechanisms

• Break bonds between Si and O at the interface.  The dangling bonds give rise to allowed
states in the bandgap (traps) which can trap electrons and holes.

• Release hydrogen at the interface, which may have been incorporated during the
processing. H release leaves a dangling bond ⇒  Dit. Atomic hydrogen is generally used
to passivate the interface traps.  It is introduced after metallization through an anneal in
forming gas (10%H2 + 90% N2) at 400-450°C.  It passivates the traps by forming Si-O-H
type bonds.  However, these bonds are very weak and can be easily broken by hot
carriers.  Hydrogen can also come from various other processing steps, e.g., plasma CVD
and LPCVD of SiO2 and Si3N4.
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• Cause impact ionization at the interface generating more hot electrons and hot holes.  Hot
holes can then be injected in the valance band of SiO2 via Fowler-Nordheim tunneling.
Similar to the case of electrons the holes also cause further damage through trap creation
and trapping.

• Another model states that the high electric field itself may polarize the bonds and
ultimately break them under a combination of electrical stress and thermal energy
imparted to them.

All of these models agree that the damage is caused by bond breaking. Trapped charge causes
changes in device properties as described earlier.  However, if the damage is excessive, oxide
breakdown occurs.  Since the breakdown is accompanied with physical damage, it is not
reversible.

Intrinsic breakdown: Damage initiates throughout the interface of the film but breakdown
of the oxide does not occur uniformly at the entire interface. It usually finds a "weak spot" for
forming a damage cluster. The damage initiates at anode (primary damage) and cathode
(secondary damage). Eventually the damage spreads throughout the body of the dielectric
leading to breakdown. A clean and contamination free process will generally give intrinsic
breakdown.

Damage initiation Damage propagation Breakdown

Damage cluster

SiO2

Anode

Cathode
Damage

Extrinsic breakdown: Damage initiates at an extrinsic defect present in the oxide (a mark of
poor processing technology). Eventually it spreads throughout the body of the dielectric causing
breakdown.

Particle

SiO2

Structural weakness Interface roughnessPinhole
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Methods of testing degradation and breakdown in dielectric films

1. Ramped voltage stress:

This method gives little information other than breakdown voltage. It takes very short time and
hence is used in manufacturing to collect breakdown statistics.

Vg

Time

BV

tbd
     

Oxide surface after destructive breakdown
Source D. Wolters, 'Instabilities in silicon devices,' chap.6

Statistical measurements of the breakdown voltage generally indicates only about the density of
the defects.  It does not tell much about the intrinsic quality of the oxide.  Similarly initial values
of the fixed oxide charge, Qf, and interface trap density, Dit, do not indicate much about the
intrinsic quality of the oxide. The best measures of the durability and reliability are given by:
• Generation of bulk and interface traps under electrical stress.
• Measurement of charge-to-breakdown (Qbd) under electrical stress.

QBD is amount of charge injected into the oxide needed to cause breakdown. It is generally a
complex function of the oxide thickness, stress current density, measurement temperature and the
interface structure. These factors determine the energy of the electrons and thus the damage done
to the dielectric.

2. Constant current stress

A constant current is passed through the gate dielectric and the gate voltage is monitered. Change
in gate voltage is an indicative of trapping of electrons and holes. Initially trapping occurs in the
pre-existing traps. Subsequently traps are generated due to the damage as described earlier. With
sufficient damage the oxide breaks down. The method is time consuming but gives lots of useful
information. Thus used in R&D extensively. The variation in gate voltage reflects charge
trapping, and the integrated charge until breakdown occurs reflects Qbd (charge-to-breakdown).
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For constant current stress measurement (a) typical I-V curve (b) schematic diagram of the set-
up on a MOS

3. Constant voltage stress:

A constant voltage is applied across the gate dielectric and the gate current is monitered. Current
reduces with time as the trapped charge reduces the electric field in the oxide. With sufficient
damage the oxide breaks down.

Constant voltage stress

Although time consuming but represents most memory and logic devices in operation and thus
used widely, e.g., for hot electron testing.
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4. Stress Induced leakage Current (SILC)

Ref:  Dumin, et. al., IEEE Trans.  Electron Devices. May 1993
• Electrical stress in SiO2 causes leakage to  increase at low gate voltages

• The leakage is caused by generation of traps and trap assisted tunneling

• Used to test non volatile memories

Stress Induced Changes in MOS Transistor Properties

Stress induced changes in MOS transistor properties, such as  threshold voltage,
transconductance, gate leakage, 1/f noise and source/drain junction breakdown voltage
is extensively used as a measure damage and the quality of the dielectric.

Breakdown Statistics

Qbd (C/cm2)
0.1 1.0 10.0 100.0

Charge to breakdown
0

20

40
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100

Intrinsic Breakdown

Breakdown due to defects

Statistical measurements on identical MOS devices
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Qbd vs. Trap Generation Rate

10-1
10-2

100

10-1

102

101

100

101 102 103

(Trap Generation Rate)-1 
dQinj/dVg  (Coul/V-cm2)

Q
bd

  (
Co

ul
/c

m
2 )

Tox = 30 - 250 Å

T = 20 - 300°C

Jox = 10-2 - 1 A/cm2

Fig. Ref  Ref:  Apte & Saraswat IEEE Trans. Electron Dev., Sept 1994

In all cases the charge to breakdown has been shown to be related to trap generation.  Traps are
created by bond breaking and hence represent physical damage. If enough bonds are broken a
damage cluster is created.

Dependence of tbd on Electric Field
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Fig. Ref:  Yang, Sachdev & Saraswat IEEE Trans. Electron Dev., 1999

All other factors being equal, higher E-field results in more damage and thus lower tbd. Higher E-
field means higher energy electrons in the oxide and therefore more damage.
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Effect of Area on tBD or QBD

Area A1

Area A2

Breakdown site

• Device with larger area has higher probability of containing a breakdown site
⇒ Larger area devices have lower tBD

• Measurements made on larger area capacitors need to be correlated for smaller
area transistors
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Effect of Measurement Temperature
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Fig Ref:  Apte & Saraswat IEEE Trans. Electron Dev., Sept 1994

At higher temperatures less energy is needed to break bonds in SiO2. Therefore even the lower
energy electrons can cause damage and an electron with a given energy causes more damage.
The Qbd is thus reduced.

Substrate vs. Gate Injection

Gate

Si

Si
Gate

-Vg

+Vg

Fig. Ref: M. Depas et al., Electrochem Soc., Vol. PV96-1, p. 352, 1996
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• For ultrathin oxide direct tunneling dominates resulting in lower energy electrons in the SiO2
conduction band. Thus damage is reduced and Qbd is higher for both gate and substrate
injection.

• Qbd is lower for gate injection of electrons
• As gate oxide thickness decreases Qbd is not affected much for substrate injection but

decreases for gate injection

Dielectric Thickness

THICK OXIDE: Conduction is primarily through Fowler-Nordheim tunneling The energy loss at
the collecting electrode is ~ 3-9 eV and hence there is substantially damage.  Some damage may
occur during scattering in the bulk SiO2 but energy loss is not as much as at the interface.

cathode

e

Anode

oxide

Eox

N(E)

E

     

P.E.

THIN OXIDE:  Conduction is more through direct tunneling. During direct tunneling no energy
is lost in SiO2 because there is no scattering event. The energy release at the collecting electrode
is much less than it is in F-N tunneling.  Hence the damage is less at a given E-field. This may
have interesting implications on the reliability of scaled devices.

Substrate

GateSiO2

Transition layer

THICK OXIDE THIN OXIDE

SiOx

SiO2

• Structural inhomogenity (1-2 monolayers) due to transition from Si to SiO2
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• Stress due to volume change during SiO2 formation.
− During the thermal growth of SiO2 oxygen or steam reacts with Si and there is a net volume

change.

Si Si

SiO2 toxtsi
tox =  2 tsi 

oxidation

+126% volume increase from Si --> SiO2

Si Si

O
θ

Si Si

O
θ

Si Si

O
θ

Si Si

O
θ

higher stress lower stress
Si

SiO2

compressive stress

Si

During thermal oxidation,

SiO2

(more viscous flow)(less viscous flow)

− As a result a stress is induced at the interface.  The Si-O bonds are highly strained at the
interface and it takes less energy to break them.  A hot electron or a hot hole can have
sufficient energy to break the strained bonds and generate traps at the interface (Δ Dit).

• Strained bonds are easier to break resulting in lower Qbd for gate injection of
electrons.

• For thinner films the transition layer becomes a significant fraction of the total layer.
Hence the Qbd is lower for thinner oxides for gate injection.



EE 311 Notes/Prof. Saraswat Handout # 3

26

gate
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gate

The gate interface has little stress because 
the poly-Si gates were deposited after the 
oxides were grown. (Tbd    )

The substrate interface is a 
  strained interface due to 
 the thermal oxidation. (Tbd   )

Thinner SiO2 films are more susceptible to degradation under gate stress.

Effect of SiO2 Growth Temperature and Ambient

10

100

1000

3 4 5 6 7 8 9 10 11

800°C, 30% O2
800°C, 70% O2
1000°C, 30% O2
1000°C, 70% O2

t b
d 

(9
0%

) (
se

c)

Oxide thickness (nm)

- 100 mA/cm2

1

10

100

750 800 850 900 950 1000 1050

t bd
 (9

0%
) (

se
c)

growth temperature (°C)

50% wet O2

2% wet O2

dry O2

(Ref: Yang and Saraswat, MRS 1997)

 Degradation is more for conditions resulting in higher physical stress in SiO2.
 Higher temperatures, steam oxidation and longer growth times allow stress relaxation

through viscous flow and hence result in SiO2 of better reliability.
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Table 4.3. Relaxation time vs temperature

T τ(T)
800°C 4.76 hours
850°C 25 min
900°C 160 sec
950°C 20 sec
1000°C 3 sec

τ (T ) = τo exp(Ea kT )
Ea= 5.1 eVτo= 2 x 10-20 sec,

As the growth temperature increases the viscosity of SiO2 decreases allowing more viscous flow.
It takes less time for the viscous flow to take place at a higher temperature. Since there is a net
volume change of ~ 2:1 during the growth, a stress is induced.  At higher temperatures the
effects of the stress are minimized due to viscous flow as the oxidation times are comparable or
longer than the time needed for viscous flow.

Changes in mid-gap interface state density (ΔDit−m ) resulting from gate injection for 300 sec. at
a current density of -1 mA/cm2, plotted as a function of gate oxidation temperature.  Note the
sharper decrease in ΔDit−m  in the 900 to 1000°C range. (Ref: Joshi and Kwong, IEEE Trans.
Electron Devices, Sept. 1992)

Although the fixed oxide charge Qf (reflected in VFB) and interface trap density Nit do not depend
strongly on the stress generated by the oxidation process, the degradation under stress (trap
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generation) is strongly influenced.  Presumably the bonds at the interface are strained if grown at
lower temperatures and are easier to break during current or voltage stress.

To keep thermal budget low rapid thermal processing (RTP) may be preferable to a furnace for
growing gate oxide of the highest quality.

Gate electrode roughness

Gate oxide

Silicon substrate

Poly-Si gate

Rough interface

• Gate electrode roughness at the oxide/gate interface causing enhanced localized electric field
intensity.

• Higher electric field intensity results in lower reliability
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Effect of Bulk Electron Trapping

• Degradation by  bulk electron trap generation is observed in deposited oxides used as gate
dielectrics in applications such as non volatile memories and TFTs for flat panel displays

• It can be minimized by a high temperature anneal

Ref: Bhat & Saraswat, IEEE Trans. Electron Devices, April 1996
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Incorporation of N or F at the Si/SiO2 Interface

The weaker interface can be strengthened substantially by incorporating another atom like N or
F.  They react with the dangling bonds the same way as does hydrogen.  However, their bond
strength is substantially higher.  As a result hot carriers are not able to break the bonds at the
interface, leading to increase in lifetime.  For example the strength of the Si-H bond is about 3.1
eV whereas that of Si-F bond is about 5.6 eV.

Poly-Si Gate

Si substrate

Oxide N or F

• Nitroxides
–  Nitridation of SiO2 by NH3 , N2O, NO
–  Growth in N2O
–  Improvement in reliability
–  Barrier to dopant penetration from poly-Si gate
–  Marginal increase in K
–  Used extensively

• Fluorination
–  Fluorination of SiO2 by F ion implantation
–  Improvement in reliability
–  Increases B penetration from P+ poly-Si gate
–  Reduces K
–  Not used intentionally
–  Can occur during processing (WF6 , BF2)
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Nitridation of SiO2 in NH3

The easiest method is to grow SiO2 in O2 or H2O and then anneal in NH3.  This is easily
achieved through rapid thermal processing.

Ref: Moslehi and Saraswat IEEE Trans. Elec. Dev. Feb. 1985

If the nitridation is done for a short time N is incorporated only at the interface and the surface.
However longer times and higher temperatures lead to N in the bulk also, which is undesirable
because it causes bulk traps.

Rapid thermal nitridation in a lamp heated system is the best method for nitridation. It provides
short times and choice of any temperature low or high. Incorporation of N only at the interface
and surface is possible with little or no N in the bulk.

Furnace nitridation of SiO2 in NH3 on the other hand results in N incorporation in the bulk as
well as the interface and the surface. Bulk N provides trapping cites for electrons and thus is
undesirable.

Nitroxide formed by NH3 anneal of SiO2 contains lots of hydrogen.  This H is contained in the
oxide because of surface and interface layers of nitride.  Even prolonged anneal in an inert gas
can't remove H.  As a result oxide properties deteriorate rather than improving.  A light oxidation
removes the surface N but keeps the interface N intact.  Annealing further in an inert gas
removes the hydrogen from the oxide but keeps the interface N intact.  The resulting dielectric
can have a very long life time.
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RTN Process Sequence
Example
− Oxidation in O2 to grow  SiO2.
1. Anneal in NH3 to maximize N at

the interface and minimize bulk
incorporation.

1. Reoxidation in O2 to remove
excess nitrogen from the outer
surface

1. Anneal in Ar to remove excess
hydrogen from the bulk

This process leaves only a thin layer
of N at the Si/SiO2 interface 39 and
time is fully optimized for each step
independent of other steps

Fig. Ref: Wright and Saraswat, IEEE Trans. Electron Dev. August 1990.

Hot carrier degradation is measured by biasing the transistor at  Vd = 2Vg.  At this setting the gate
current through the oxide is maximum.  Hence the device degradation is also the most severe.



EE 311 Notes/Prof. Saraswat Handout # 3

33

Nitridation of SiO2 in N2O and NO

The problem of hydrogen can be circumvented by replacing NH3 by N2O.  However, the amount
of N incorporation is not as strong as in the case of NH3.  Process integration is much simpler.

Example of a typical process
Oxidation in dry O2 at 850°C
Nitridation of the grown oxide in N2O at 950°C for 20 min.
Final dielectric thickness ⇒  85 Å

These films also show better endurance when electrically stressed

Stress-time dependence of gm degradation of MOSFET's (W/L = 15 µm/0.8 µm) induced by
channel hot-carrier stress with Isub(max at  Vg = 2.5 V, Vd = 7.5 V. (Ref: Ahn, Ting & Kwong IEEE
Electron Dev. Lett. Feb. 1992)

Direct reaction between Si and N2O can also be used to grow the dielectric with similar
composition and similar superior properties.  The process becomes even more simple.
Conventional furnace can be used for the N2O process.

The mechanism of nitridation involves N2O splitting into NO and nitrogen upon heating

N2O →  N2 + O
N2O + O →  + 2NO

NO then concurrently does oxidation and nitridation.
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• RTP oxidation shows N accumulation near the Si/SiO2 interface

• Furnace oxidation shows almost uniform N profile ⇒lower Qbd

Since NO is the critical species for nitridation it may be more efficient to use NO directly for
nitridation rather than N2O.  This is indeed true, because in addition to the above reactions N2O
also splits into N2 and O2

2N2O →   2N2
 + O2

At 950°C the composition of the gas above the wafer is about 64% N2, 31% O2
and only 5% NO.  Hence direct nitridation in NO is preferable.

SIMS profiles of NO-nitrided SiO2 for 10, 40 and 100s and N2O-nitrided SiO2 for 100s at
1000°C (Ref. Bhat et.al IEEE IEDM 1994)
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Nitrogen incorporation at the Si/SiO2 interface is higher for NO than for N2O.  Hence the NO
nitrided SiO2 has better properties.

Fowler-Nordheim stressing of MOS devices show less degradation after nitridation of gate oxide
on NO. The anneal of SiO2 in N2O or NO causes some increase in the gate oxide thickness due to
the presence of oxygen.

ΔDit  measured in MOS capacitors with SiO2 and NO-nitrided SiO2 gate dielectrics subjected to
FN constant current stress. (Ref. Bhat et.al IEEE IEDM 1994)

Effective mobility vs. effective electric field 50µm X 10µm N-MOSFETs with SiO2 and NO-
nitrided SiO2 gate dielectrics. (Ref. Bhat et.al IEEE IEDM 1994)

Because of nitrogen at the interface the effective mobility decreases at low electric field but at
higher E-field it improves.
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Dopant Penetration From Poly-Si Gate

B in SiO2

Si

P+ Poly-Si Gate
B

Thick gate oxide

Si

B

Thin gate oxide Thin nitrided gate oxide

Si

B

SiOXNY

Incorporation of nitrogen at the interface suppresses dopant diffusion from gate poly-Si into the
channel which can can cause VT shift. The problem is more serious for p+ poly-Si as boron
diffuses more readily in SiO2. It is desirable to use P+ gate for PMOS transistors, for scaled
CMOS technology to minimize short channel effects.

High K Dielectrics

According to the SIA roadmap by the year 2010 the minimum MOS device dimension will be
scaled to well below 0.1µm. The SiO2 gate dielectric thickness will be scaled to well below 5
nm. This is easy to understand since the transconductance

€ 

gm α
Kox

xo xL

where t is gate dielectric thickness and k is the dielectric constant. To continue the advances in
the performance (gm) the SiO2 gate dielectric thickness will need to be scaled to around 1-2 nm.
However, below 5 nm the electrical conduction through SiO2 increases rapidly as the mechanism
for electron injection changes from Fowler-Nordheim tunneling to direct band-to-band tunneling.
Below 3 nm direct tunneling causes excessive gate current in MOS devices leading to circuit
instability. Simulations predict that depending upon the circuit application, there is a
fundamental limit to scaling the thickness of SiO2, which is approximately 1 nm for static logic
and slightly higher for dynamic logic. Various practical issues may limit the thickness scaling as
well. These include power dissipation due to leakage, dielectric degradation and breakdown due
to electrical stress, process induced defects, dopant penetration from poly-Si gate, carrier
depletion in poly-Si gate, etc. The reliability of such ultrathin SiO2 films may be a showstopper
in the evolution of the current technology to the nanodevices.

One approach to circumvent this problem is to replace SiO2 by a material with higher dielectric
constant. By doing this the physical thickness can be increased without affecting gm.
Furthermore, with higher dielectric thickness the gate leakage can be reduced and all other
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problems mentioned earlier are minimized. Alternatives to SiO2 are silicon nitroxides, silicon
nitride and various metal oxides.

In general there are several requirements for the MOS gate dielectrics
• High dielectric constant.
• Wide band gap.
• Ability to grow high purity, either totally crystalline or totally amorphous films on Si with a

clean interface.
− High resistivity and breakdown voltage.
− Low bulk and interfacial trap densities.

• Compatibility with the substrate and top electrode. i.e., minimal interdiffusion and
silicon/metal oxidation during growth and device processing — even a thin SiO2 layer would
deteriorate the overall capacitance significantly.

• Thermal stresses — most oxides have larger thermal expansion coefficients than Si. On
cooling down from the deposition temperature, tensile stresses could develop in the film and
change electronic properties considerably.

• Good Si fabrication processing compatibility
- Stability at higher processing temperatures and environments
- Ability to be cleaned, etched, etc.

There are several candidates for the high-K gate dielectric application

Silicon Nitroxides can be obtained by thermal nitridation of SiO2 by NH3, N2O, NO etc. They
improve the reliability of the gate dielectric and are excellent barrier to dopant penetration  from
gate poly-Si. The technology is currently in use. The main problem is that there is only a
marginal increase in k and therefore the thickness can’t be scaled to below that of SiO2.

(Ref: Guo & Ma, IEEE Electron Dev. Lett. June. 1998)

Silicon nitride has a dielectric constant a factor of 2 higher than SiO2 and therefore should be
scalable to smaller dimensions. Use of deposited films of Si3N4 have been attempted in the past
as the gate dielectric. However, it results in a poor interface with Si because the dangling bonds
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at the Si surface remain unsatisfied unlike the case in thermal oxidation of Si. This results in
much higher level of interface traps and charges. Technology is needed to grow Si3N4 by reacting
with Si similar to SiO2. Si reaction with N2 is negligible even at very high temperature.
Fortunately it reacts with NH3 to grow Si3N4. We demonstrated that high quality ultrathin gate
Si3N4 can be grown by the technique of rapid thermal. The reaction needs very high
temperatures, in the range of 1100 – 1200°C and the thickness of the grown film is limited to
about 4 nm. The grown Si3N4 has excellent interface with Si and excellent MOS devices have
been demonstrated. The problem of high thermal budget can be solved by realizing the fact that
although Si does not reacts with molecular nitrogen, it does react with atomic nitrogen. Atomic
nitrogen can be produces using nitrogen plasma and the reaction temperature could be reduced.

Thickness of Si3N4 grown on Si by thermal nitridation in NH3. (Ref. Moslehi and Saraswat, IEEE
Trans. Electron. Dev., February 1985)

• 

1.2 nm EOT
Gate dielectric

Ref: Q. Xiang, et.al., (AMD), IEDM 2000
• 
• Some of the problems of poor interface of Si3N4 grown or deposited on Si can be solved by
initially growing a thin nitroxide film thermally in N2O or NO and then deposit Si3N4 by one of
the CVD techniques. The thermally grown nitroxide gives good interface with Si yielding good
device performance. MOS transistors with1.2 nm EOT (Equivalent oxide thickness) gate
dielectric formed by this technique have been recently demonstrated.
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The main problems with this method is that the thickness scalability is limited to a factor of 2.
Eventually we will run out of gas with this technology also.

20 Å

100 Å
Si3N4   K ≈  8

40 Å
Today Near future Long term

SiO2  K ≈ 4

high K  > 20

Near term and long term approaches for scaling the MOS gate dielectric.

High-Dielectric Constant Metal Oxides for Gate Dielectrics:

Many metal oxides (Ta2O5, TiO2, Al2O3, HfO, ZrO) possess higher dielectric constants than SiO2
and, therefore, may be considered as possible gate dielectrics for sub 0.1 µm CMOS devices.
However, the very stringent requirements of CMOS technology motivate interest in chemically-
simple materials and readily-controlled processing methods.  Simple metal oxides such as Ta2O5
(K ~ 22) and TiO2 (K ~ 100) are promising alternative gate dielectric materials because of their
intermediate-to-high dielectric constants and their chemical simplicity. However, they are not
stable with Si and therefore require a barrier layer like Si3N4. On the other hand Al2O3 (K ~ 10),
HfO (K ~ 20), ZrO (K ~ 20) and their compounds are more stable with Si and may not need a
barrier. Very high dielectric constants (K ~ 200 - 1000) of more complex materials such as
(Ba,Sr)TiO3 (BST) and Pb(Zr,Ti)O3 (PZT) films also make them candidates for gate dielectrics
in future-generation nonvolatile MOS memories.

Table: Candidates for High K Gate Dielectrics

Dielectric Permittivity Band Gap
(eV)

ΔEC to Si ΔEV to Si

SiO2 3.9 9 3.5 4.4
Si3N4 7 5.3 2.4 1.8
Al2O3 9 8.8 2.8 4.9
TiO2 80 3.5 0 2.4

Ta2O5 26 4.4 0.3 3.0
Y2O3 15 6 2.3 2.6
La2O3 30 6 2.3 2.6
HfO2 25 6 1.5 3.4
ZrO2 25 5.8 1.4 3.3

ZrSiO4 15 6 1.5 3.4
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Thermodynamic Stability of High-K Dielectric Oxides

100 Å    K ≈  2075 Å   K ≈  20
10 Å Si3N4

• Unstable oxides (e.g. TiO2, Ta2O5, BST)

– React with Si to form SiO2 and silicides upon thermal annealing

– Barrier (e.g. Si3N4) is required to prevent such a reaction

• Dielectric stack: poly-Si/nitride/unstable oxide/nitride/Si substrate

• A monolayer of nitride on both sides of gate dielectric already contributes 5 Å to the
physical oxide thickness

• Stable oxides (e.g. HfO2, ZrO2, Al2O3) and their silicates (e.g. ZrSixOy) and aluminates (e.g.
ZrAlxOy)

– Do not react with Si upon thermal annealing (up to 1000°C)

– May not require a barrier layer

• simple structure: poly-Si/stable oxide/Si substrate

Ternary phase diagrams can be used to interprate the stability of the system.

After Beyers,J. Appl. Phys. 56, 157, 1984
And Wang and Meyer J. Appl. Phys. 64, 4711 , 1988

• Ta and Ti oxide/silicate not stable - no tie line between their oxides and Si, indicating
formation of of other compounds

• ZrO2/Zr-O-Si stable on Si – tie line between ZrO2 and Si
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Characterization of ZrO2 as a Gate Dielectric

50 ÅZrO2

15 Å Silicate

XTEM Micrograph of a ZrO2 Film

Si

Capacitance and leakage data for ZrO2 gate dielectric films grown using ALCVD
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The scalability of the gate dielectric thickness is much better if high k dielectrics are used.
However, their use as a gate dielectric is not as straightforward. One of the main reasons Si has
been the material of choice for ICs is SiO2. Silicon can be easily thermally oxidized to grow SiO2
to passivates its surface. In addition, SiO2 is an excellent insulator, is an excellent  barrier against
impurity diffusion and is very tolerant to a variety of chemicals and harsh environments used in
fabrication. Hence silicon based technology is more manufacturable. The use of the high k
materials would increase the dielectric thickness and could circumvent the problem of gate
leakage. However, many other serious problems arise which need to be addressed before their
use in IC technology. Some of the issues are:

• Poor interface with Si: The high k metal oxides are deposited on the surface of Si and thus
don’t passivates its surface. This results in a large number of interface traps and charges
which is detrimental to MOS device performance. A technique is needed to passivate the Si
surface without using SiO2 at the interface.

• Device Performance: The carrier mobility and therefore the drive current of the MOS
transistor have been known to be reduced when high-k metal oxides are used as gate
dielectric. This degradation can be attributed to many factors, including interface and bulk
charges and traps in the dielectric, soft phonon scattering (especially true for poly-Si gate
electrodes) and interfacial dipoles. Defects are present in the as grown dielectric film, they
can be introduced during processing, and can be induced by contaminants.
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Electron Mobility Hole Mobility

 
Fig. Unified electron and hole mobility reduction due to fixed charges and phase separation.
(Ref: S. Saito, et al., IEEE IEDM, Washington, DC, Dec., 2003.)

Fig. Effect of Interface States on Mobility in High- K Gate Stacks
(Ref: T. P. Ma, IEEE TED, Jan 04)
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Figure: Possible sources for reduced mobility in high- _ gate stacks. While the remote phonon
scatteringis inevitable, other types of scatterings can be avoided by improving process
technology (Ref: S. Saito, et al., IEEE IEDM, Washington, DC, Dec., 2003.)

• Contamination of Si by metal atoms: The metal atoms used to form high k oxides generate
deep traps in the Si band gap. A barrier is needed in between the metal oxide and Si. But the
barrier itself can’t be more than a few monolayers thick and should have all of the good
properties of SiO2 except the dielectric constant.

• Compatibility with gate electrode: Many of the metal oxides mentioned above may not be
compatible with traditional gate electrodes used today, such as, poly-Si. They may react with
the gate electrode during the subsequent processing and change its properties, e.g., work
function.

• Device reliability and lifetime: The degradation of ultrathin dielectric films under high-field
stress is a critical concern even in the current devices with SiO2 gate dielectric. Degradation
can occur during actual operation of the devices, e.g., programming and erasing of non
volatile memories and also during fabrication where the dielectric is exposed to high fields,
ions and electrons, UV radiation, e.g., in plasma processing, metal sputter deposition and
exposure to ionizing radiation during lithography. Another degradation known as NBTI
(Negative Bias Temperature Instability) has been a big issue for SiO2 gate dielectric and is
becoming even more significant for high k dielectric. The metal oxides don’t have as good
dielectric properties as SiO2. Their bandgap is significantly lower than SiO2 making current
injection from the plasma easier, resulting in higher current density. Lower bandgap will also
result in more UV absorption commonly generated in plasma chambers. Much work is
needed to ensure that the high k materials will be reliable with long lifetime. The main source
to limit the reliability and life time is the defects in the dielectric films. It is therefore very
important to understand why the defects are present in the as grown films, how they are
generated by high-field stress and exposure to contaminants and then how to minimize them.

• Contamination of environment: Many of metals in the list mentioned above have very
serious environmental contamination issues. If this was not an issue the choice of the high k
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dielectric would have been less complicated. Fortunately many metal oxides in the list are
not problematic but may not provide the best device performance.

• Technology integration: The proposed metal oxides are not very tolerant to a variety of
chemicals and harsh environments used in fabrication. Their process compatibility with Si is
a serious concern. It is not evident at this stage if their technology integration is even feasible
or not. Much work is needed in the area of deposition, thermal cycling, etching, cleaning, etc.
to pave a smooth technology integration.
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