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METAL-OXIDE-SILICON TECHNOLOGY

A LITERATURE REVIEW

1.0 Introduction

This literature review has been made to assist scientists
and engineers working in the field in their efforts to develop
improved MOS devices and to promote a better understanding of
the processes and designs by which improved devices are

obtained.

The history of the developments leading to the invention
of MOS devices is summarized in section 2.1. The basic
physical principles governing MOS device behavior are covered
in section 2.2. The fabrication process for MOS devices is
described in section 2.3. Section 2.4 deals with the various
techniques for evaluation of oxides. Models for the oxide
structure and oxide-dependent behavio; of devices are the
subject of section 2.5. The variety of empirical findings and
efforts to develop.improved oxides are collected in section 2.6.
The effects of radiation on MOS devices are reviewed in

section 2.7.

The compilation was completed on September 10, 1965,
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2. LITERATURE REVIEW_ AND CORRELATION OF PUBLISHED INFORMATION

2.1 History of MOS Devices

The growth and development of the semiconductor device
industry has been strongly dependent on the understanding of
semiconductor surface properties. The development of device
designs and processing techniques that make the best use of
surface properties (or reduce their effect) has played a major

role in the history of semiconductor devices.

2.1.1 Early Field Effect Transistors

In 1948 Shockley and Pearsonll4 made a structure with a
thin insulating sheet between a germanium sample and an
evaporated metal film. They measured the change in conductance
of the germanium as a function of the voltage applied to the
metal. They found that only approximately 10% of the charge
induced in the germanium was mobile. They postulated that the

rest resided in bound states on the germanium surface.

In 1952 Shockleyll5 devised the unipolar field-effect
transistor in which he isolated the channel, in which the con-

ductance was to be controlled, from the carrier immobilizing
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surface states by means of depletion layers formed at the

~surfaces. However, this device had the disadvantage that it

could only be operated in the depletion mode. At about the same
time, the invention of the bipolar transistor (a device in which
the active region was loéated within the semiconductor so that
surface properties were of less'importance) overshadowe& the

work on field effect transistors.

2.1.2 Passivation of Bipolar Transistors

.During the 1950's, large numbers of germanium transistors

'were produced in which acceptable surface properties were

achieved by empirically developed processing techniques. To
protect these transistors from severe surface problems, they
were packagéd in hermetically sealed packages containing very

carefully controlled ambients.

In 1959, Atalla et al3,5 studied the silicon-silicon dioxide
system where the oxide was produced by thermal oxidation and
found that such an oxide produced staﬁle and reproducible surface
properties.' Combining this knowledge with an earlier finding30
that Sioz can be used as a diffusion mask to form device struc-

tures, planar silicon transistors and diodes were inventeddl,



These planar devices were found to have improved electrical
- characteristics in thoae»parhmetérs (or at those operating
" points) for which the surface effects (at the edge of the junc-

 tion where the junétion meetslfﬁe»sﬁrface)awere significant.

Such.improved’parameters;1ncldde»1¢§g@'noisé figure, and hpg at

low currents.

However, -eventhough oxides make the silicon much more

‘insensitive to the ambient gas, ionié drift in ﬁhe fringing
'fﬁelectric field at thé~periphery.of,the juhctions-induces changes':
 in the ‘distribution of the~sutface~potential and thereby:¢duses

the electrical characteristics to driftd.

;72.1.3 - Metal-Oxide-Silicon Devices

In 1960 Kahng and Atalla®4 proposed a silicon structure in-

‘which an insulated gate was used to induce copduction between two

diodes. The theory of this device was developed by Thantola3? in

'1961. In 1962, Hofstein and Heiman44,52 described a metal-oxide-
‘semiconductor, or-Mos,-field—effect transistor with an insulated
_ gate on single crystal silicon. This device has good silicon

- surface properties’and_ﬁhdrefore does not have the trapping

problems found by Shockley and Pearsonll4, It also has the -

-4-
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desirable feature that, unlike the junction unipolar field effect

transistor, it can be operated in either the enhancement or the

depletion mode. Many papers2,10,107,133-137 appeared describing

a variety of useful applications for this device and noted its

advantages:
1. Very high input impedance
2. Functions with signals of either polarity
3{ LowAnoise level at high frequencies
4, Simplifies circuit design
5. Relatively insensitive to temperature
6. No carrier storage
7. No offset voltage
8. Ease of fabrication
9. Larger packing densities are possible because

no isolation is necessary between components
and because MOS transistors can be used as

resistors.

Another advantage claimedl33,134 for field effect transistors

was that they could tolerate radiation up to a value where
mobility or the doping level change -- generally about ten times

the dose at which lifetime degradation begins. On this basis,
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' field effect transistors might be expected to tolerate a
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' radiatioh dose approximately-ten times greater than bipoiar
_transistors of compatable dimensions. Recéntly it‘haé'been

= shown8 57, 53 56 102 124:125 that the effect of radiation on the

oxide layer begins at;a lgvelvwgll below;that which directly

~affects the silicon..

The oxide and oxideééiliconginterface properties'play-a very

important role in determining MOS ddvice performance, stability

“and reliability. Because the qxidé between the gate electrode ,
and the channel is very thin (onlyo1000 t0‘2060 K), even a small
;applied voltage sets up a strong electric field, which causes the
imotion of ions in the oxide and produces undesirable effects on
~ the device chéracteristics.- For example, only four volts applied.'
tto the gate of a 1000 A thiok'oxide-produces'an electric field of

105 volts/cm. This high field drifts any mobile ions in the

oxide, especiaily at higher temperotures.,'Sinoe the oxide layer -

is so thin, ions can very quickly drift from one face of the

layer to the other. This changing distribution of charge in the
oxide induces undesirable drift in the electrical parameters of

the device.



A further problem ariges in that even if the charge in the

oxide is immobile and does not cause drift in the device

- characteristics, it causes a transistor to have a threshold

_voitage not desired by the circuit designer; The undesired

level of threshold voltage results from the fact that immobile

charges in the oxide affect the surface potential of the

silicon. This undesirable charge causes a p-channel transistox

. to require a higher voltage than desirable to induce channel

conductance, and-causes an n-channei device to conduct ven at

zero gate-to-source voltage on the ‘gate.



2.2 pPhysical Principles

2.2.1 Literature Describing Physical Principles of MOS Devices

MOS device description and design equations have been
presented by a number of authors including those of references
13, 28, 46, 50, 52, 59, 6b, 62, 83, 8?, 88, 106, 126, 128, and
134, .The following briefly describe the physical principles
upon which MOS devices are based, as extracted from the re-

ferenced literature.
2.2.2 Basic Device Structure

The structural form of an MOS device is that of a.
parallel-plate capacitor in the form of a three layer sand-

wich of metal, oxide, and silicon, as shown in Figure 1.

SILICON

Figure 1l Representation of structural form of MOS device.

-8~
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The basic physical principle of Mos devices is that the ;'
den51ty of charge in a layer of s1licon beneath ‘an oxide can
be controlled by the voltage applied to a - layer of metal on
top of the oxide. The- net charge in the Slllcon is that due’
either to immobile.ions in a depletioh layer or that due to

an accumulation orgihversion layer of mobile charges,f*More'
precisely, withvnrtYpeisilicon a positive voltage on the

metal attracts electrons to the surface of the silicon, form-~

+ing an accumulation layer of electrons. A negative voltage

on the metal repels electrons and forms a depletion layerlin )

n-type silicon. As the voltageﬁapplied3to;the“metalils;made

" more negative, mobile positive carriers (holes) form aﬁ,inf

version layer at the.Silicon surface within the depletion'.
layer. These situations are depicted in Figﬁre 2.

| The depletion laver'and the inversion layer play im-
portance parts in'determining the electrical behavior of
MOS capacitorsvand trahsistors, |

2.2.3 MOS Capacitors

In a simplified picture a MOS capacitor can be considered
a series combination of the capacitance'of the'oxide.and that

of the depletion layer. When the accumulation layer exists}'
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there is no depletion layer and One'therefore observes oniy the
high capacitance of the oxide. As a voltage is applied to repel
the majority carriers away from the cxide-;n the silicon; the
series capacitance of fhe.resultant'depletion,layer decreases the

over-all capacitance. As the voltage is increased further, an

inversion layer forms within the depletion layer at the interface

with the oxide.” Because the charge density in the inversion

layer can vary over a wide range, d-c voltage changes do not
cause changes in the depletion layer thickness. Therefore, the
capacitance is insensitive to the d—c_voltage in the range in

which the inversion layer exists.

- If the measurement frequency is low and the inversion layer
is‘formed, as one increases the applied voltage the capacitance

increases to a value as high as that for the oxide capacitance.

This happens at low measurement frequencies becauée the inversion

laye;.charge density can change as_raéidly as;ﬁhe meaeurement '
signal7voitage changes; 'In this case, chahges'in voltaée'are
1mpressed only across the oxlde (the Qoltage change across the_’
depletion layer is negligible) and so only the capacxtance of

the oxide is measured. -
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 The frequency at which the capacitance-voltage curve changes
from a 1ow‘frequency characteristic to a high frequenc& charac-
teristic depends on the rate at which the inversion layer charge
density can be changed. This raté depends on the density and
character of allowed energy states, the presence of ionizing
radiation, the temperature, and the presence of a nearby region

rich in the carrier type from the inversion layer.
2.2.4 MOS Transistors

In an MOS transistor, the inversion layer forms the channel
(conductive layer) of which the conductance can be controlled.
This’dhannel is located between a source region and a drain
region as shown in Figure 3, and its conductance can be varied

by varying the voltage on the gate electrode.

2.2.5 Study of MOS Device Behavior

Although MOS transistors are more important commerciaily,
MOS capacitors are simpler to work with and provide a very
valuable tool for the study of the problem areas in MOS

transistors.

- -l2-



@ oanb1a

43AVT |
3ALLONANOO™T
IdAL-N

o A e 308n08

NTvEa WISN 31V
o
{2
43AV] :
3JALLONGNOD

3dAL-N

Nivia WIEON  “3Ive 30805 |

P .. SEENEh MDA 2SR Z2SSEEE 4 2 AIEE ANSEES . SRR SRS A F 1 y N IEL




Whereas MOS deViceé are a good medium for the study of

oxide related properties, there is the attendant troubleéome

fact that they are very sensitive to minute differences in.

the oxide. Any charge in the oxide or at the oxide-silicon

‘interface influenées the electrostatic potential at the

‘silicon surface and therebyvinfluénces the area density of

charge in the depletion_aﬁd inversion lajers; Therefore
any charge in the oxide influences fhe-capacitance and the

\

conductance of a device.

The effect of oxidé charge on the silicon surface
poteﬁtiél is added to that of the applied voltage. Its
effect thus is to shift the device characteristics curves
along.the voltage axis. If'there is a chaﬁge in the distri-'
bution of charge in the oxide due to the formation (due to
heat treating or readiation effects) or annihilation of

charge or due to movement of charges in the oxide (such as

under the influence of an electric field at higher temperatures),
‘the shift of the charactefistic curvés alpng the voltage axis :
occurs without a change in the shape of thé‘cufves.{ If.theb
distributiontof the charge in the oxide depends on thevapplied'

voltage (as is the case. if energy stateS’exist in the oxide

-14~



which can be filled or empty depending‘on‘their position
relative to the Fermi level), one can-expeét‘a change in the

,FShape of the curve as it shifts along the vdltage axis.

From the above basic desdription, one ‘can understand the

behavior of MOS devices under varying conditions of applied N

. voltage, témperatﬁre, and radiation ambient. -As shown in
Section V, one can study the density and distiibution of
charges and traps in the oxide by means of the elecﬁrical

device behavior.

'

-15-
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2.3 Fabrication of MOS pgyites_'

'2.3.1 Typical Processing Procedure for Thermal Oxides

' Oﬁ'the‘basis ofvégbi%shed'information rglating to thé
faﬁrication of MOS structures, the following outline gives'thé"
typical impprtanthproéessing steps involved.

1. Prepare éiiiébn wafer for oxidation by a series of.

h cleaning and etching operations.

942. Oxidizé the wafer to a fhicknéss of about 6000 A.

3. Photolithogréphically cut openings in the oxide to'
| delineate the hask patfern in preparation for
diffusion of the source and drain regions.

4. Difqué the source and drain regions.

'5.' Remove oxide from the back of the silicon: nickel
plate and heat so that the nickel getters metallic
impufities from the silicon. |

_6; 'Photolithographically reduce the o#ide thickness
for the gate region and cut openings for the con-
tacts to.thelsource‘and drain regipns.

7. Deposit‘tﬁe.contact metal (usually aluminum) layer

and etch (again using photolithographic processes)

-16-
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the; layer to form the contacts to the source,
gate and drain regions.
8. Heat treat the processed wafer to reduce fﬁe'
‘resistance at the electrode contacts.
9. Scribe the wafer, bond the chips to headers, bond
device leads to package.terminals, and seéiupack-

ages in a controlled ambient.

Due to the sensitivity of the device parameters'td minute
differences in the condition of the oxide{ those processes which
affect the oxide condition are the most critical steps_in the

fabrication séquence.

2.3.2 Thermal Oxidation

Frosch and Derrick30 in 1957 showed that silicon surfaces

could be oxidized to form a mask for the diffusion step which

-forms the various regions of a transistor Struqturé. ~Atalla et

al.> showed how the oxide passivates the surface, making the
underlying device insensiﬁive to the‘ambient‘gas,véhd fhe;eby 
stabilizing the electrical parameters of the device. At thé?
1960 Electron Devices Meeting, Hoerni3l showed how the‘abéve
desc;ibed properties could be combined t§.make'planar transis-

tors and diodes.

~17-



' Ligenza pq& Spitzer76 prepared oxides using.cemhinatiensfof
016 and 018 isotopes tq'study‘the mechanisms for eilicon.oxida-v
tion. By meesuriné the‘infrared transmission throuéh these
oxides as a function of oxide layer thlckness as the oxide layer
was etched away, they were able to Qetermine that the diffusing
species during 0xidation is oxygen. They noted that an oxygen
exchange occurred during thevoxidatien process at-é rete at leaet
as fast as the rate'of growth. They inferred that the actual
oxldatlon and the rate limiting step takes place at the silicon-
oxide interface.‘ Pliskin and Gnall26 used a selective etch tech—

nique to again show that the oxidation takes place at the eil;con

- interface. -

Jorgenson63eapplied an electric field‘acroes the oxide

during>oxidation'and showed that the dependence of the oxidation

‘rate on the field strength and polarity is such as to indicate

that oxygen ions are the predomdnant species diffusing through a

growing oxide film. Goetzberger3> recently showed that oxidation

in an electrie field can reduce the densities of surface changes .

in steam or wet oxygen oxidations. No influence on field was
found on surface charge density during dry oxygen oxidations. -

Schmidtlll prepared sodium free oxides that changed by less

-18-
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than 1011 charges per cm2? in steam at 300°C for 26 hours with a

£ield of 106 v/cm, with the silicon negative.

Deal21 studied the ox1dation of silicon in dry oxygen, wet
'voxygen and steam. He found that wet oxygen produced oxides w;th
the bpest protective characterist1c5 from the standpoint of

~density, dielectric strength, maeking ability, and freedom from

deiects,

Fuller and Streiter33 reported on similar work which agrees
with that of Deal. Ligenza77 Studiedfthe oxidation of silicon by

high pressure'steam (25 to 500 atmospheres).

‘Deal and Sklar20 studied~the oxidation of heavily doped

silicon.

Lieberman et al75 studied the effects of water vapor

pressure on the rate of thermal oxidation of silicon.

-2.3.3 Oxide Properties

A good recent review article on the formation and properties .
- of oxides on silicon has been prepared by Donovan?3. He dis-
cusses the kinetics of various oxidizing reactions and the

results from typical experimental systems. He also describes

-19-



. several nmodels for the eooumulationdof:electrons near the;surfacef

of okidized;silicon;
2.3.4 Orhe: Oxidation Processes
A number of other processes have been studied for forming
oxides on silicon which at the time of this writing have not
‘ found favor with the producers of MOS devices. - l.igenza78 has

oxidized silicon in an oxygen gas plasma excited:by,a-microwave

generator.

Pliskin and Lehman95 studied pyrolytically deposited films
'because of their lower deposxtion temperature. Such anvoxide
-deposition leaves the silioon-surface'undisturbed;dehese.con-
siderations are imporrant uhen there is concern aboutnthe changes
that may take plaoe in rhe silieon during'oxidation; eTheyl
developed a technique for denSifying pyrolytically deposited

films to improve;their effectiveness as passivation layers‘and

diffusion masks. ' 4 ' . : _ {

Peterson et a194 reported on a chemical vapor deposition
technique. Valletta et all32, and Fuller and Baird32 formed
films by reactively sputtering a silicon cathode"in'ongen.

Ligenza and Povilonis79 sputtered silicon through an oxygen

. =20~
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plasma to fbrm silica 1éyers'on silicon at substraté témperatures'

 ‘down'to 25°C.
Pliskin9 evaporated $i02 with an electron gun.

Schmidt and owenl08 yged a wet anodic proce§s to fbr@
oxides at room temperature. Duffek et al24 anodically oxidized
silicon in ethyleﬁe glycol solutions. Tokuyama130 formed a two-.
layer éxide in‘which the outer layer consisted of a mixture.of
PbO and Si02. Tung and Caffrey131'depésited oxide on»siliéén'by ;

reacting a metalﬁhalide with a hydrogen-carbon mixtuie.

=21~ _



2.4 Techniques for Evaluation of Oxides

This  subsection reﬁiews the vqrious'expérimental tech-
niques which have been used to evaluéte and study the pro-

perties of oxides and are described in théﬁlitefatune.

2.4.1 Cagacitance—Voltage Relationship

-

A simple and useful measurement is that of the capaci-
tance of an MOS capacitor as a function of such variables
és the applied d-c voltage, the measurement frequency or the

temperature.

: Terman128

,'and Lehovec et al.72‘measured'the capacitance
of MOS diodes aé a.function of the applied d-c voltage and
the measurement freduency. They made an effort to locate

energy levels in the energy gap and to evaluate the associated

time constants.

As investigators beqémé aware of thé utility of the C+V
measurement technique,-a number of papers were published
- describing its use. The team consisfiﬁg of Grove, Snow, Deal,
and Sah published3§'41'43 a number of papers describing'hbw
C-V'characteristics uncovered a variety_of pieces of informé-.

tion about the oxide behavior.

-22=



Other authors have also written‘paperszz'54T73'aescribing
the manner in which C-V measurements can be used to study

oxide properties.

1.123 have studied oxide properties in MOS

- Sprague et a
capacitors with the emphasis on the properties desired fdr

good capacitors. -~ permittivity and loss tangent.

119 has used C-V measurements on two-layer (glass

Snow
and oxide) MOS structures to study the movement of ions in

: glasses;

'Zaininger and Warfieldl43 nave recently discussed the
limitations of the MOS capacitance method for the determina-

tion of semiconductor device properties.

2.4.2 Conductivity Measurements

Lehovec’4 used a capacitor with a large circumference-to-
area ratio to study the migration of charges in the region

_ surrounding the metal electrode of an MOS capacitor.

Heiman et a1.45, and Clark16 have discussed ways to

determine the conductivity type of the silicon in MOS diodes.’

-23-
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Hofstéinss‘ﬁas shown that the measurement of thannel
d-c conductance of an MOS transistor has an advaptage over
~capacitance measufements in that faster response times cén
be measured. |

Goetzberger34 developed a technique using a ring-dot
structure that pefmits measurement.of the conductance Qf in-
version layers under oxides‘which'have‘ndt been subjected-

to the diffusionsﬁmecessary for a MOS transistor structure.

2.4.3 Other Measurements

Althqhgh the C-V and conductance measurements have
found the widest use, other evaluation techniques are availgbie.
Heiman aﬁd:Miilier47ﬂsu§gest a way in which a:tempefature_
coefficient of MOS_tranéistors can be uéed to determine the

surface state density.

Nicollian and Goetzberger89 combined C-V measurements
with measured losses in an MOS capacitor to evaluate surface

state parameters.

116,117

Shockley et al. used surface potential measure-

ments to study charge motion over the surface of the oxide.

-24-



Yaminl40

studied d-c .current properties of oxides.
Such measurements permit the S£udy‘of various kinds of electro-
lytic effects, ' charge storage, rectification at boundaries,

etc.

. Lindmayer8l investigated transient currents to study .

charge trapped in Si0O; and SiO.

Green and Nathanson3’ used a scanning electron micro-
- scope to observe inversion layers under insu1ated gate elec-

trodes.

. Green et al.36

mention that one can use an electron
beam of varying energy to study the location within the oxide

of radiation damage sites that affect device performandé.

Pliskin and Lehﬁan98 have evaluated structural differ-
eneces, density, porosity, refractive index and passivatidn
efficiency by means of infrared absorptioﬂ spectroscopy,
preferential etch procedures, and £echnique known as VAMFO '~

(Véffiﬁlé$Aﬁgle:MonochromatiC‘Fringe ObserVation)97'1°&.

Infrared transmission measurements can be usedl to deter-
mine the pressure of "water" in the form of OH groups in
fused silicon. .

-25=«



Rosierl05 made a special diode structure to measure the
surface recombination velocity beneath an oxide as a function

ﬂof the voltage applied to a metal electroda on the oxide.

Grove and Fitzgerald42 introduced sodium ions into the
oxide covering a p-n junction to create higher fields which
enable them to show that anomalous channeltcurrents are due

to a breakdown meéhanism in the channel.

Schroenl}z‘ﬁsed a spot of light to create non-equilibrium

carriers in small local areas to affect the hreakdown voltage

+

of p-n" junctions and MOS structures to study the distribution

of traps.

-26—
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. 2.5 Model for Oxide Structureiand for Oxide Dependent

. Behavior of Devices

2.5.1 Glasses

The oxide on oxidized silicon is amorphous Si0. It is
in the glasslike or vitreous state, a statevbelieved to be
a solid with,the disorder‘of a liquid frozen into its struc-
ture. Although the histé;y of man's work with glass spans
a greater time than hi% work with most other materials,

there still is disagreement over the theory of glass structure.

s e

The first real gdvahée in the theor& of glass structure
was due to the deﬁeib?@ént‘of the random network theory which
describes glass és ;aéﬁihg ;ymmetry and periodicity in con-
trast with the srystalline state. The.competing theory says
that'glass containS»migroscdpig crystals with definite stoich-
iometric compositions joined together by amorphous zones. More
detailed discussion of glass structure may be found in several
references, including 56 and 138. Iﬁ 1932 a number of simple
rules were proposed relating the way oxygén anions and the

cations must link together for an oxide to exist in the glassy

state. Brieéfly, the rules state that the glass forming

<27~



':cationglié;g., 3%, si4t, p5+) are:surrounded~by polyhedfé5

of oxygen'ions in the form of triangles or tetrahedrops; The
"oxygen ioﬁs are of two kinds, vié.,:bridgiﬂg oxygenAions; each
of which link two polyhedré, and non—bridging 6iygen ions,
each of thch belongs to only one polyhedron.‘ Suchla system . -
would produce a>polymer structurebwith iong chains cross ~
linked gt:intervals. In such a strucgure, there are regions‘
of unbalanced negative charge where the o#ygen ions are non-.
bridging. Cationé.qfllow positive charge and‘iarge size

(Nat, KF, Caz{)'ﬁay exist in holes between oxygen polyhedra
where they compensatéfthe excess‘negéti&e'charge of the non-

bridging oxygen atoms.

Some cations of large charge and small sizekmay isomor-
phicélly substitute silicon ions in thebstructural neﬁwork '
of the glass. Oxides forming the basiéAof_a glass are called.
network formers, and those which are spiuble in thevqétwofk

are network modifiers.

It has been established that glasses can be formed of "
B203, Si0z, GeOy, P05, Asy05, Asp03, and Sby03. Possible
glass formers include V505, ZrOp, and Biz03. Oxides of Ti,

- 2n, Pb, Al, Th and Be do not apparently form glasses but they

-28-~-



modify certain properties of glass. Oxides of Sc, La, Y,
Sn, Ga, In, Mg, Li, Ba, Ca, Sr, Cd, K, Rb, Hg, and Cs may

act as network modifiers.

2.5.2. Silicon Oxide

Donovan?3 has written a good review paper on the pro-
perties of oxides on silicon. He notes that silica glass
is thermodynamically unstable below 1710°C and should
devitrify to a stable crystallized form. However, the rate
of devitrification is negligible at temperatures below 1000°C.
Silicon ions, due to their large charge, cannot move without‘f
breaking four oxygen bonds. Oxygen ions, on the other hand,
are freer to move through the lattice, since bridging oxygen
ions are attached to only two silicon ions and non bridging
atoms to only one. A network modifier, when introduced as
an oxide, ionizes and gives up an oxygen atom to the network.
The modifier metal ion occupies an interstitial position in
the network and the oxygeniion enters the network, producing
two non bridging oxygen ions where formerly there was one
bridging oxygen ion. .Thié weakens the network, as.manifested

by a lower melting point.
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The.water'contént of silica_glass‘is regarded as~§n S

important factor in determining its properties. Watér'vapdr'

. can enter the silica glass network either as hydroxyl ions 

or molecular water,_or both. The hydroxyl ion can also.be'
formed by the attachment of‘hydrdgen ions to nonbridging-oxygen,
étoms,.producing a tightly bound stable hydfoxyl ion, or it |
may be formed in less stable configurationsiby other hydrogen~-
silica reactions. These hydroxyl ions are ggt contained in

water but may produce the same net,éffectS'as water, because

the effects of water may be totally due to the hydroxyl ions.

The presence of hydroxyls in silica glass tends to

. weaken the structure by breaking oxygen bonds and replacing

them with singly-bound hydroxyl ions. The effect is analogous

to. changing bridging oxygen ions to nonbridging oxygen ions.

Donovan further reports that when divalent ions such as

ca™ or sr*t are introduced to silica, the mobility of alkali

© ions in the silica decreases. ' :

2.5.3 Charge Motion in Silica

Greater detail and depth concerning some eiectrolysis

phenomena and the effect of water in vitreous silica can be
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found in references 7, 25, and 49.

Proctor and SuttonlOl have studied the motion of ions in
glass. The observed behavior agrees with a model in which

cations are mobile but anions are not.

Collins17 has proposed several mechanisms to explain the

polarization of charge in.oxide films.

Owen and Douglas91

examined the d-c electrical conduc-
tivity of various samples of fused silica and found it to
depend particularly on the sodium concentration. The d-c
conductivity is substantially independent of the water content,
whereas the dielectric properties are élmost entirely deter-
mined by the water conter€. The nature of d-c conductivity

is discussed in greater detail by Owen92.

The motion of surface charge on the oxide8’86'93 was

described as the mechanism responsible for the failure of

Telstar. Shockley et ai.116'117

used a Kelvin probe to show
that the motion of charges along oxide-covered silicon sur-

faces can form channels and/or change the device character~

istics.
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‘Castrucci and Logan12 have used a diode,structufé;with a
control ring electrode to study the effects of chérge motion

parallel to the oxide surface.

2.5.4 Structure of Silicon Dioxide

Reveszl93 has recently reviewed the structure of grown
silicon dioxide films from the vie@point of a physical chemist;,z:
The defect structure is shown to detérmine many of the phehoména
observed in MOS devices. - This defect structure is quite
éensitive to variations in oxide growth techniques and to the 
thermal and ambient gas treatments following the formation va
the oxide. According to the proposed model, thermal growth
of silicon dioxide proceeds through the migration of éxygeh
interstitials which act as acceptors. The presence of water
in the oxidizing ambient, an aftertreatment in hydrogen, or_}
some reactions with the gate metal introduce a donor state“

in the form of trivalent silicon. Due to electronic inter-

actions between the oxide and silicon, these defects influence

-the .silicon surface potential and therefore they are similar

to the surface states. The silicon surface potential can be
affected by injecting positive metal ions into the oxide and

by moving ionized and/or injected ionic defects in the oxide.
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Besides the relationship between defects and oxide growth,
Revesz discusses the interactions between the silicon and its
oxide; reactions at the gate-oxide interface, and the effects

due to an inhomogeneous distribution of defects.

2.5.5 Semiconductor-0xide Interface

Schmidt and Ssandorl®? reviewed the state of knowledge
concerning the semiconductor-oxide interface. They discuss
how the various properties of the silicon surface change
with thermal oxidation of the surface. For example, oxidiation
may tie up dangling bonds at the surface and thereby reduce
the density of fast states. On the other hand, states located
within the oxide, which are not in intimate electrical contact
with the silicon, are observed as slow states which are added

during the oxidation.

Some of the important properties of the oxide-semiconductor
interface can be predicted when the interface is treated as a

heterojunction, as discussed by Lindmayer80’82.

Schmidtllo describes the effect of protons and alkali
ions in oxide films on the surface recombination velocity.

These impurities in the oxide are presumed to change the
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Fermi level in the oxide and thereby cause a chargeft:anéfe:. .i .

‘betWeen the oxide and the silicon.

2.5.6 Heat Treatment

Seraphim et al. 113 have studled the effects of chemlcal
additives and of anneallng procedures, and have llsted some
of the electro-chemical reactions*that,might“take'place within

the oxide.

Since heat treating processes are known to induce large
changes in MOS device characteristics, it is worth noting that
Schmidt and sandor 102 ﬂeasured compressive stresses of 50,000
psi on steam- : and dry oxygen-oxidized thin silicon webs(
and that Griggs and Blacic38 report that the strength of
synthetic quartz crystals containing water is a hundredfold
lower at 600°C than at 300°C.. Fuller and Logan31 reported‘,‘;
that donors are introduced into silicon by heating in the
300°C to 500°C temperature range and are caused to disappeer 'e'
at higher temperatures. They give eQidence showing'that.

oxygen is the impurity from which the donors are‘formed;
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2.5.7 Model of MOS Capacitor

The most useful tool for studying the charge in oxides
is the measurement of the capacitance as a function of the
voltage. The basic physical principles involved have been

described in a number of'paper529f39'4°'43'73'129.

Figure 4 shows the MOS. capacitor structure and how the
characteristic: C-V curve is established. For n-type silicon,
when positive voltage is applied to the metal, electrons accumue
late at the silicon surface adjacent to the oxide. In this
case, the capacitance is insensitive to the applied d-c
voltage and is that capacitance due to the thickness and di-
electric constant for the oxide. If a negative voltage is
applied to the metal, the electrons are repelled and a de-
pletion layer forms. The formation of this depletion layer
effectively forms a wider spacing ©f of the capacitor and
the capacitance decreases. As higher negative voltages are
applied, an inversion layer of holes forms in the layer of
silicon adjacent to the oxide. The area density of charge
in this inversion layer can vary greatly with applied voltage
(as described by the Boltzmann equation). Therefore, further

increases in applied negative voltage are supported by an
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increased field across the oxide without significant change
in the field within.the depletion layer. For’this reasén,
the depletion layer width becomes insen#iﬁive £d?apgliedﬁ
voltage when the inversion layer ekisté.‘Sincéfthé;désletion
: flayer width is insensifive’to voltage,  the capaéifaﬁcg'is
‘insensitive to voltagé.& This wvoltage insensitivity<at the
higher negative voltages_is only observed at highimeasqfément

frequencies.

If the measurement frequency is suffiéiently‘lbw that the
density of holes in the in&ersion layer can changeiduring.
ohe cycle of the measurement signal, then the a-c signal
voltage is supported entirely by the varying field across the
oxide and one. again measures a capacitance due to the oxidé.
The frequency at which the low frequency characteristics are:
observed depends on the ability of the holes density to change
rapidly. One finds, therefore, that the low frequenéy char-
~acteristic: curve can be observed at higher frequencies whén-
the

a. Generation rate for carriers is increased by

heating the silicon or exposing it to light or

other irradiation,

_36._



b. Region near the inversion layer has a high density
of holes which can move into.and out of the

inversion layer quick1953;'r

The transition voltage of an ﬁOS'capacith is that voltage
at which the slope of the C-V curve ié maximum. The transition
voltage ié closely related to the sdrface'botential that exists
in the silicon when no voltage is abpiiéd. fhis surface poten4
tial is dependent on the distributiop_of charge in the cxiae |
and/or at the oxide-silicon interface. One can determine from
the C-V curves the effective density of charge in the o#ide'or

at the surface.

One can study the effects of heat treatment, aging under-an
applied bias voltage, or of irradiation on the charge in the

oxide by examining the change in the C-V curve.

snow et al.ll8 have developed a model for the ionic motion
in the oxide wbich is in excellent agréement with thé experi-
mental results. It is based on a diQisiog‘of the oxidelinto two
regionss:

1) A thick boundary layer near the metal-oxide inter-

face in which ion transport.is by diffusion,'and
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2) The remainder of the 6xide where field drift

dominates.

Analysis of the C-V durvé can be extended to study the
distribution and time constants of traps or slow states as

described - in réference 48.
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2.6 Empirical Findings and Efforts to Develop Improved Oxides

This part of the literature review is intended to present
a body of published information that has been recorded by
investigators who are studying the effects of various oxide
preparation and treatment processes with the purpose of creat-
ing improved oxides. These empirical, and in many cases
seemingly unrelated, pieces of information have not been well
explained theoretically. However, this information, combined
with similar information now being developed in various
laboratories, must form the basis of a good basic theoretical
understanding of the present problems of high threshold

voltage and instability in MOS transistors.

2.56.1 Eneragv Rand Diagram

Williamsl39 experimented with the photoemission of
electrons from silicon into silicon dioxide and was able to

draw the energy diagram in Figure 4.

Besides uncovering energy relationships expressed in the
diagram, he found traps in the oxide at a level below 2 eV
below fhe conduction band of the S$iO2. He found that he could
fill these traps by irradiating with ultraviolet light and

then empty them with visible light. The density of traps
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was ~3 x 1014/cm3 with a capture cross section of 10-12 cm2,

The mobility of electrons in the oxide is 20 to 40 cm?2 per

volt-sec,.

2.6.2 Asymmetry of Oxide Leakage Current

Hofstein55 showed that in alkali ion-free oxides, ions
suspected of being protons can be moved from the silicon
toward the metal at a rate up to five orders of magnitude
faster than movement from the metal toward the silicon. This,
he postulates, is due to traps at the metal-oxide interface;
The true charge mobility in the oxide is that reprgsented by
motion toward.the metal.
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2.6.3 Gold Doped Silicon

Sah et al’4 reported on how gold doping of the silicon

affects the C-V characteristics of MOS capacitors.

2.6.4 Redistribution of Impurities During Oxidation

Deal et all® have found the MOS structure useful in the
study of the amount of redistribution of various impurities

during. thermal oxidation.

2.6.5 Hydrogen and Hydroxvyl

Lee68"70 has done extensive work studying the diffusion
of hydrogen in fused silicon and has discussed the role of the

hydroxyl in this connection.

Heating (200 to 350°C, 5 min.) an MOS capacitor (p-type
Si) in hydrogen causes an n-type inversion layer to form in
the p-type silicon surrounding the metal electrode9’142.
Olmstead et al90 also report that heating in hydrogen (625°c,
15 min.) induces an n-type layer wﬁich can be removed by bak-
ing in oxygen, nitrogen, argon or vacuum (3 to 10 min. at 500
to 800°¢). Balk® studied in detail the effects of hydrogen
and inferred that the Hj; treatment annihilates fast states.

Balk says that if these states are related to vacancies
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accompanied by chemically unsaturated bands and unpaired
electrons near the interface, then the H2 annealing may

chemically saturate these bands at the wvacancies.

2.6.6 Heat Treatment

Lehman?l has studied the effects of various fabrication
variables, such as the gate metal, ﬁeat treatment temperature
or ambient gas, on the surface conduction properties of passi-
vated junction devices. The effects of low temperature

annealing were described by Cheroff et all5,14.

Revesz and Zainingeri04 have discussed the influence of
oxidation rate and heat treatment on the surface state
density. They mention that the presence of boron and 5iO2
is thought to facilitate the incorporation of hydroxyl through

defect reactions.

Sticklerl25 studied the structure of thermally grown
oxides as a function of various heat treatments and found that
uniform films can be obtained which contain gross defects such

as cracks resulting from specialized heat treatments.
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2.6.7 Phosphosilicate Layer

A variety of independent experimentsbl,65 have shown that
the presence of a phosphosilicate layer over the oxide has a
stabilizing effect on the electrical properties of the oxide

and oxide-silicon interface.

2.6.8 Charge Species Responsible for Oxide Instability

The identity of the cationic species responsible for
oxide instability has not been definitely determined. It has
been suggested by Thomas and Youngl29, and by Seraphim et

al.l13 that the cation may be an oxygen vacancy in the oxide

E- 8

-

film. This seems implaus%blékin view of recent measurementg_
of the diffusion constant and diffusion activation energy'of
the ionic species responsible for polarization of the oxid§l7.l
Hydra£ion of the oxide has been shown by Kuper and Nicblliah67

A

to set up a condition of reversible instability.

2.6.9 Impurities

Snow et alll8 and Logan and Kerr84 have intentionally:
contaminated oxides with alkali ions and have shown that such
oxides exhibit the instabilities found in planar passivated .

{

transistors and MOS devices.
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Busen and Lindmayerll have studied the effect of
impurities and structural parameters on silicon/silicon oxide
interfaces and related the results to their heterojunction

model.

Seraphim et al.11% have found that when the SiO2 is doped
with B203 and is then electrically biased, it is possible to
cause the charges to move within its oxide to the point where
after the bias is removed the silicon surface potential is

positive.

Yaminl4l found that diffusion of boron into a
phosphorus-stabilized oxide destroys the stabilization, while
even a light phosphorus diffusion over a boron-diffused oxide

restores the stability.
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2.7 Radiation Effects

2.7.1 Optimistic Predictions

It was predictedl33,134 that MOS transistors might be more
tolerant of radiation than bipolar transistors because they are
majority carrier devices.: In this reasoning, the assumption was
made that the failure mechanism would be either degradation of

mobility or change in the density of mobile charges.

2.7.2 Gamma Radiation

Unfortunately, when MOS transistors were tested by Hughes
and Giroux57 in a Cob0 source, it was discovered that the channel
conductance and transconductance were severely degraded by
exposure to 2 x 105 rads, even though the bulk conductivity and
lifetime changes are negligible to absorbed dose levels of 106
rads. This degradation was attributed to ionization in the

transistor by Compton electrons produced by the gamma radiation.

Hughes and Giroux58 used an MOS structure to study the
effects of ionizing radiation on the Si-SiO2 interface. They
found that the leakage current increase that caused the Telstar
failure (which was explained by Blair8 and Peck, et al.93 as
being due to ionization of the gaseous ambient and the subsequent

drift of these ions in the fringing electric field at the edge
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of the junction) could be duplicated on devices in a vacuum of

<10"9 Torr.

Sonder and Templeton have studied the energy levels

introduced in silicon in gamma radiationl20-122,

2.7.3 Fast Neutrons

Raymond et al.l02 jrradiated MOS transistors with fast
neutrons up to 5 x 1014 NT and found that the most significant
neutron-induced parameter change is in the threshold voltage.
Although they noted that comparison of the behavior of the MOS
and the bipolar transistor is difficult because of the lack of
good criteria, they concluded that MOS transistors have shown a
potential advantage in radiation environments compared to junc-

tion and bipolar transistors.

Messenger85 exposed MOS transistors to reactor neutrons and
showed that the neutrons produced displacement damage in the form
of positively charged oxygen vacancies in the oxide lattice or at

the Si-Si0O2 interface.

2.7.4 Electron Irradiation

The effects of electron (1.5 MeV) irradiation on P-MOST's

were examined by Stanleyl24. He found the drain leakage current
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to rise beginning at a dose level of about 5 x 1012 electrons/cm2.
The turn-on voltage increased with total electron‘flux,and after
a total dose of 5 x 1014 e/cm2 it was no longer possible to turn
on the device. After irradiation the leakage current decayed
very slowly, reaching the preﬁmradiation level after several
months storage at room temperature. This was accompanied by a
very gradual lowering of turn-on voltage. Stanley explained
these results in terms of an induced n-type inversion layer in

the p-type drain region.

Szedon and Sandorl27 used low energy (10-16 KeVv) electrons
to irradiate MOS capacitors. They found that a positive charge
was induced in the oxide and were able to remove it by annealing

for fifteen minutes at 150 to 200°C.

Green et al.3® mention that electron irradiation of varying
énergy can be used to study the location of damage sites that

affect device performance.

2.7.5 PFlash X-Ray

Sullivanl26 studied the response of MOS transistors to flash
X-ray radiation, and found that the principal effects were leakage
current through the oxide between the gate and substrate and

through the drain-substrate p-n junction.
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Kreuger and Griffin66 also used flash X-ray radiation and
studied the effect on both p-channel and n-channel silicon MOS
thin-film transistors on a sapphire substrate. They noted that
such devices were easier to analyze because they have a lower

level of isolation junction photocurrent.

2.7.6 Ionization in Gas Discharge

Estrup?6,27 has used a gas discharge to create both
positive and negative ions which he used in a variety of ways
to study the surface effects of gaseous ions and electrons on

semiconductor devices.

2.7.7 Improved Resistance to Radiation

It has been reportedl44 that silicon planar transistors
which had had the oxide formed in dry oxygen show a higher
tolerance level to radiation than do oxides formed in wet

oxygen.

2.8 Conclusions

This body of literature provides the necessary background
to support a better understanding of the present status of MOS

and related planar device technology as a basis for further
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experimental work and for predicting technologies which are

likely to result in improved MOS devices.
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