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ABSTRACT

In recent vyears the growth and or deposition of
insulating films on the surface of a semiconductor material
has received considerable attention as it s used for
passivation, masking, isolation, dielectric purposes (gate
dielectric) etc. Quality of the insulating films govern
the performance of the device and to a some extent the
packing density in integrated «circuits. Silicon e, BY
far the most widely used semiconductor material for fabricatien
of discrete, integrated «circuits, LEE:; VLESL, etc. due
to its well established technology and its native oxide
possess the outstanding qualities, Various techniques
have been developed for the growth of oxide films on silicon
such as thermal oxidation, plasma anodization and wet
anodization. Thermal oxidation of silicon is the most
commonly used technique for the gfowth of oxide film,
due to superior S'i—SiO2 interface properties, However
temperature involved in oxidation generates stacking faults
and dislocations; produces stress and wafer warpage; and
changes the impurity proliles previously formed in the
substrate. With the advent of VLSI's it was realised that
for further increasing the packing density on the single
chip some low temperature technique should be evolved
for the growth of oxide films so that the high temperature

effects may be minimized.



In order to avoid the undesired effects of thermal
oxidation and the encouraging results of anodlc oxide
films on GaAs, there Is a renewéd interest in growing
thin insulating films on . silicon by anodic oxidation.

Present thesis deals with the growth and or deposition

of insulating films on silicon at low temperatures. Due
to the wease 1in fabrication, simplicity of structure and
the sensitivity of the C-¥ characteristics to physical

properties, MOS structures were used to study the influence
of process parameters on the properties of insulating
films. The material used in the investigation was n-type
epitaxially grown silicon wafer ofl<}ll> orientation having
resistivity of 6 to 8 ohm-cm. The resistivity of the substrate
was 0.005 ohm-cm. A stringent «cleaning procedure based
on hydrogen peroxide solqtions was used for surface preparation
of samples. The electrolytic bath used for anodization
was freshly prepared 0.04N KNO3 solution in Ethylene-Glycol.
Anodization parameters were optimised experimentally with
a view to grow thin compact SiO2 layers for applications in
integrated circuit technology. The anodization was carried

out at constant current density followed by a constant

voltage mode, Anodically oxidised samples were annealed
in Hs atmosphere, ohmic contacts were made at the back
of anodized samples. The MOS structure was completed by
evaporating wultrapure Al through a metal mask over the

grown oxide film in a vacuum coating unit. The suitability
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of the grown SiO2 film for devices was analysed by studying
C-V, G-V and 1-V curves. Interfacial and electrical properties
such as surface state density, dielectric breakdown strength
and dielectric constant were determined to assess the
quality of grown oxide film. Experimental results reveal
that the. gquality of anodically grown film of the order
of 300 A° is comparable with that of thermally grown oxide
films. It was also noted that the dielectric properties

of the grown films deteriorates as the film thickness

increases.

During investigations it was observed that the anodiza-
tion of silicon samples at higher current density in an
electrolytic bath of KNOj in Ethylene-Glycol mixed with
small quality of water at elevated temperature results
in porous films. The characteristics of such anodically
grown films vary‘ with the humidity of the surrounding
environment. The capacitance of the such MOS structure
was measured as a function of relative humidity. Results
show that the porous 5102 films cam be used to realise
humidity sensors. The proposed sensors may be suitable
to realise 1.C. sensors as 1t can'be fabricated on silicon

1.C. chips as an integral part of the cireuit.

Insulating A1203 films were also deposited on silicon
samples and on anodically grown layers by reactive evaporation
of Aluminium to fabricate and study the MAS and MAOS struc-

tures: Aluminium oxide has higher dielectric constant,
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higher density and large impermeability for impurity diffusion,
further AIZO3 films gives a positive wvalues of threshold
voltage and stops fast diffusing alkali ions. Evaporation
parameters and the annealing temperature were optimized
for the fabrication of MAS and MAOS samples. From the
measurements and results it was concluded that AlZO3 film depo-
sited by reactive evaporation method is useful for use

as gate insulator in MOS devices alone or as an auxiliary

dielectrie with SiOz.

Essentially the anodization and reactive evaporation
technique here used is a low temperature fabrication technique
and may be suitable in VLSI and MOS technology. With the
scaling down of device dimensions the wuse of thin: 5i03
films with high dielectric breakdown strength are finding
importance in MOS technology. Therefore anodically grown
Si0, films of thickness of the order of 300 A® is a promising

substitute of the thermally grown films for VLS1' and MOS

technology.
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CHAPTER - I
INTRODUCTION AND STATEMENT OF THE PROBLEM

I, INTRODUCTION

The integrated «circuit complexity has advanced from
small scale integration (SSI) to very large scale integration
tVLS1l), which has 1105 or more components per chip. Present
improvements on chip integration complexity are being
achieved by scaling down lateral and vertical dimensions
of individual devices. The shrinkage of lateral dimensions
will continue to be achieved by improvements in photo-
lithography. The reduction of vertical dimensions reguires
that the processing temperature, such as deposition of
growth of oxide films on solicon substrate used to fabricate

chips be lowered [1].

Silicon is by far the most widely used semiconductor
material for fabricating discrete and integrated electronic
devices and circuits as 1its processing technology 1is well
established and the oxide of silicon possesses the outstanding
gualities for applicatiens. The growth ‘or deposition of
insulating films BVer silicon is necessary during the
eptlre ‘process of fabricating modern: integrated circuits.

The oxide layers are used {for various puEpeoses such #8:

) For surface passivation: Passivation 1is accomplished
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by forming a thin insulating layer on the semiconductor

surface. It minimises the eledtrical activity o1
the device surface, and protects the surface from
environmental contamination. Thus passivation results

in a marked improvement of device performance, stability,
and uniformity of characteristics from device to

device.

The oxide acts as a barrier (mask) against the diffusion
of impurities into the silicon underneath thus,
by cutting windows into the oxide film, impurities

can be diffused into the silicon through these windows.

The oxide provides insulation between the metallization
pattern interconneciing devices in the clircult and

the silicon substrate.

The oxide insulates the gate from the silicon in

field effect devices.

The oxide acte as a dieleetric layer in capacitors

and MOS Sensors.

The oxide films in general should have the following

characteristics:

(i)

Idgal interface (il.e. 'virtually zero sutfsce 'state

density) on an interface characterized by an ideal



C-V curve shifted along the voltage axis to a pre-

determined value.

(ii) Good insulating properties, i.e. high breakdown
strength, high dielectric constant, low dielectric

losses and low leakage current.

(iii) Resistant to ionic motion at elevated temperature

and/or high fields.
(iv) High resistance to atmospheric effects.
(v) High resistance to radiation,

The condition for a perfect-interface between semij-

conductor and insulating oxide films are as follows:

(a) Strong chemical bonds between the semiconductor

and the oxide layers, preventing the existence of

dangling bonds.
(b) No impurities in the interface.

{e) The oxide layer should be chemically stable to serve

as a passivating film for the interface.

1.2 TECHNIQUES USED TO FORM SILICON DIOXIDE FILMS ON
SILICON

The techniques wused to form silicon dioxide films



on silicon fall into two broad categories.

{i) The deposition process
(ii) The native oxide Growth process.

Both these processes are briefly described in the following

two sub-sections.

1.2.1 THE DEPOSITION PROCESS

Silicon dioxide can be deposited by various vapour
phase chemical reactions. The simplest method of vapour
phase deposition is oxidation of silane SiHu, by oxygen at low
temperatures at about 500°C [2-4]. The chemical reactions
for phosphorus - doped oxides are

SIH, + 0, —=3 510, + 2H,

4PH3 + 502.__> ZPZO5 + 6H2

The deposition <can be carried out at atmospheric pressure
in a continuous reactor (Fig. 1.lb) or at reduced pressure
ln an LPCVD reactor (Fig. l.la), The maln advantage of
Silane-Oxygen reaction is low deposition temperature,
which allows films to be deposited over aluminium metalliza-
tion. Consequently, these films can be used for passivation
coatings over the final device and for insulation between

aluminium levels. The main disadvantages of Silane - -oxygen
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reaction is poor step coverage and particles caused by

loosely adhering deposits on the reactor walls.

Silicon dioxlde- is alsag deposited at 650 to 750°C
in an LPCVD by decomposing tetraethoxysilane, Si(OCij)4 L

The over all reaction i9

Si (OC2H5)4 — 5102 + by products

where the by-products are a Complex mixture of organic

and organosilicon compounds. The decomposition of Si(OCZH is

5)4
useful for depositing insulators over polysilicon gates.
The advantages of this method are excellent wuniformity,

conformal step coverage. The disadvantages are the high-

temperature and liquid source requirements.

Silicon dioxide is also deposited at temperatures
near 900°C and at reduced pressure by reacting dichlorosilane

with nitrous oxide [2,7,8].

SiC12H2 + ZNZO =2r SiO2 + 2N2 + Z2HC1

This process, is wused to deposit insulating layers over
polysilicon; however, the oxide frequently contains small
amounts of chlorine which may react with the polysilicon

or cause film cracking [8].

Other deposition methods for dielectric, guch a8

vacuum evaporation and reactive Sputtering are not widely
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used for VLSI processing [9]. The major problems include
nonuniform depositions over many wafers, poor step coverage,
and low throughput. The structure of evaporated and Sputtered
oxides is characterized by the composition as SiOx where the

value of x varies from one to two depending upon the deposition

conditions.
R T THE NATIVE OXIDE GROWTH PROCESS

The native oxide of silicon may be grown in two

ways:
(1) By thermal oxidation
(ii) By Anodic oxidation.

1.2.3 THERMAL OXIDATION [10 - 26]
1,2.3.1 DESCRIPTION OF THERMAL OXIDATION PROCESS METHODS

The term thermal oxides refers to those oxides
formed from a thermglly activated reaction of silicon
with dry oxygen, wet oxygen, steam; and high - pressure
steam. The first three methods are conducted in an open-
tube reactor where the silicon  wafers are heated to a
temperature in the range ef 9004C to 12009 1N .a steam

of water vapour, Oxygen, or a mixture of the two oxidants.,

A wet - oxygen source is obtained by bubbling oxygen

through a constant - temperature, hjigh = purity water



bath whose temperatur determines the partial pressure
of water vapour in the gas stream for a specified oxygen

flow Fate.

For steam oxidation, the temperature of the water
bath generating the steam provides a measure of the partial
pressure and flow rate. Live steam yields poor grades
of oxide because of the etching action of excess water.
Properties of the various types of oxides grown by thermal

oxidation are shown in Table I [271s

Tahle - 1

Oxide Properties

Type Density Resistivity Dielectric
(gm/cm?) (ohm - cm) strength
10® v/em
Dry O, 2.%4 = 2,97 3x104%-2x101° 2
Wet O, 1.18 = 2421
Steam
(L 20 = 2420 gg" = it . Ba HEE

The apparatus for the high pressure steam oxidation
=% silvicon coneists ei a tight constant - volume enclosure,
usually made of metal, into which a predetermined quantity
of high purity water is introduced along with the silicon.

The inside of the enclosure is often lined with gold or
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other inert material to prevent undesired reactions between
the water and the walls of the chamber. The entire system
is heated to the oxidation temperature. High-pressure
oxidation of silicaon 19 spaeticularly cattiactive, because
thermal oxide layers can grow at relatively low temperatures
compérable to typical high {LEriE, I-atm .‘conditioms. AF
10-d#tm prassure a&nd 750°C, a 300 A®-thick oxide can 'ba
growﬁ B 30 “min, the tims, temperature, and pressurg can
be changed to vary the thickness. Such a technique has

BEel applied fta the groawth aof a . thin gate oxide -in' the

process to fabricate MOS dynamic RAM [28] and in the
fabrication of MOS LSI [29]. In the oxidatien at elevated
pressure, several complicarions arise such as:; Continuous

Variations in pressure during pressurization, Small temperature
variations that occur during pressurization and during
fhe early ‘part of fihe oxidation at full pressure, ~varying
partial pressure of steam during depressurization, and
grown film thickness variations from run teo run and acroas

a wafer.

bo2.3.2 DEFECTS INDUCED BY THERMAL OXIDATION

lm integrated circuir technology there are folléwlng
important elfects of thermal oxidation of silicon on bulk

electrical properties of the salllicon substrate and grown

oxide films.
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(i) Thermal Oxidation - Induced Stacking Faults
(ii) Redistribution of Dopants at interface

(iii) Thermal oxidation induced oxide stresses.
1.2.3.2 (i) THERMAL OXIDATION INDUCED STACKING FAULTS

The thermal oxidation process can induce stacking
faults that extend from the silicon surface into the interior
of the silicon [30-32]. These planar faults are structural
defects in the wlliceh Llattice consisting of an extra
plane of silicon atoms bounded along the edges by dislocations.
The dislocations are the transition between the extra
plane of silicon atoms and the normal silicon lattice
structure., Stacking faults are important in integrated
circuit technology because they e¢an be electirically asctive
may enhance junction leakage <currents and reduce minority
carrier life time. The growth of oxidation-induced stacking
faults is a strong function of substrate orientation,
conductivity type, and defects prasant Ln huclei. Observations

i p
show that the growth rate ijs greater for ¢\1001‘ then \\11£>
substrates. Additionally, the density is greater for n-type
conductivity than for p-type ¢onductivity, The stacking

fault. length is a strong function of oxidation femperature [33],

1.2.3.2 (ii) DOPANT IMPURITY REDISTRIBUTION

Dopant impurities near the sllicon surface wiil

be redistributed during thermal oxidation [34]. Redistribution
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of dopant impurities in the silicon is important both
from the stand point af device characteristics and in
the interpretation of measurements of interface trap properties
and oxide fixed charge. When silicon in thermally oxidized,
an interace is formed separating the silicon from the
SiO2 » As oxidation proceeds this interface advances into
the silicon. A doping impurity (initially present in the
siliceon) will redistribute at the interface until its
chemical potential is the same on each side of the inteface.
This redistribution may result in an abrupt change in
impurity concentration across the interface. The ratio
of the equilibrium concentration of the impurity (dopant)
in silicen to that in SiO2 at the interface is called
the equilibrium segregation coefficient. Two additional
factors that influence the redistribution process g
the diffusivity of the impurity in the oxide and the rate
at which the interface moves with respect to the diffusion
rate '[35]. The segregation coefficient, as defined above
increases with increasing temperature, and s orientation
dependent with values for <(100:> orientation being greater
than <}ll> orientation. Reported coefficients [36-38] are

geferglly 0.1 to approximately 1.0 over the temperature

range €30 to 1200°C.

1.2.3.2 {iii) THERMAL OXIDATION INDUCED OXIDE STRESSES

Strass is another éf Fact of oxidation e silieam.

Growth of an oxide film on silicon at high temperatures
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puts the silicon under stress at room temperature because
of the mismatch in the <coefficient of thermal expansion
between silicon dioxide and silicon. This stress does
not ‘directly affect the electrical properties of most
devices ' used in integrated cireuits, but if the silicon

wafer is two thin, the mismatch stress can cause the wafer

te -warfp .orf ‘bow, film cracking and defect formation in

the underlying 51 L-Lcon. Room temperature measurements

following thermal oxidation of silicon show Si02 fo be

in a state of compression on the surface. Stress values
o

P . x. Lo dynes/cm2 are reported [3%) with the stress
attributed to the diltfrerehce in thermal expansion for
§1 -and. S10, During device processing, windows are out
into the oxide resulting in a complex stress distribution.
At these discontinuities exceedingly high stress level
can occur. In IC fabrication, several lithography processes
are repeated, so alignment among the patterns i1's  WERW
important when they are done on one over another. In forming
patterns 2 um or less, no more than 0.54m misalignment can be
permitted [40]. Possible cause of the misalignment are (A
difference in thermal expansion coefficients between silicon
and silicon dioxide { ficke) Shrinkage or+ expansion o©f the
silicon wafer by thermal oxidation (iii)} deformation of
the silicon wafer or the mask plate by sfress when they

are brought into contact for printing.
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1.2, ANODIC OXTDATION

1.2.4.1 PLASMA ANODIZATION [41-43]

Plasma anodization is a vacuum process usually

carried out in a pure oxygen discharge. The plasma Iis
produced either by a high - frequency discharge or a DC
electron source. Placing the wafer in a wuniform density

region of the plasma and biasing it positively below the
plasma potential allows it to collect actlive charged oxygen
species. The growth rate of the oxide typically increases
with increasing substrate temperature, plasma density,
and substrate dopant concentration. In the plasma anodization
a high temperature (1000°C in H, ) annealing treatment is
required to obtain interfacial electrical properties comparable

to thermally grown oxide films. Thus the over all process

is a high temperature one. Plasma grown oxides are not
superior to thermally grown oxides, and both are high
temperature processes, but the apparatus needed to plasma

anodization 1is more expensive and require more skill to
use than that for thermal oxidation. Therefore, plasma

anodization is not used in sllicon integrated clircult

manufacture.
1.2 .06, 2 ANOBIZATION (IN A LIQUID BLECTROLYTE

In this process the silicon wafer is made the

anode of an electrolyric—cell contaiming an electrolyte
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with an oxygen bearing component, which does not dissolve
silicon or its oxide, &Rd. & gurrent s passed between
the anode and an inert cathode such as platinum by applying
a suitable voltage across them. An oxide film grows on
the sllicon surface as ihe current; which is predominantly
electronic with a small ~lonic component, flows through
the growing oxide layer under the applied electric 1fleld.
Such a growth can be carried out at room temperature or
eéven at temperature lower than the room temperature. The
thickness of the grown oxide layer is directly proportional

to the value of the forming voltage.

1.3 FUTURE TRENDS IN VLSI TECHNOLOGY

The total number of electronic ¢ircult components
per silicon chip increased from one in 1959 to 600,000 in
eighties [44]. Although +the rate of growth has slowed
down in recent years because of difficulties in defining,
designing and procesing complicated chips, a complexity
ol aver ! million devices per chip will be available before
1290 &4 i This increase is made possible primarily by
the advancements in photolithography process of transferring
geometric shapes on a mask to a wafer surface, resulting
in a eontlnuous decrease in the device dimension from
over 10 micrens In the early 1960's to one micron in the
early 1P80's, VLSI devices having very small dimensions

require not only the precise lithography and patternd tralglier



lé

but also very shallow junctions. These conditions impose
new requirements on the oxide film growth process. The
major requirements are low processing temperature to prevent
movement of the shallow junctions and low process-induced
defects. One of the factors which_ affects the wultimate
accuracy in the transfer of pattern on the wafer is the
oxide thickness used in the photolithographic process.
Thinner the oxide layer ~higher is the accuracy achieved
in the pattern generation. With the scaling down of device
dimensions, the use of thin Si0 films of the order to 100A°

2

will soon become common in MOS technology [35].

The wet anodization technique, which is esgent bally
a low, temperature technique for growing oxide films offers
vast potential for manufacturing VLSI. The low-temperature
processing suppresses defect formation and minimizes movement

of previous diffusions.

1.4 STATEMENT OF THE PROBLEM

Literature survey shows that in sixties and senventies
efforts were made to grow anodic-oxide films over silicon
wafers under different conditions and their characteristics
were studied. Due to the poor qualities of the grown films
in comparison to that grown by thermal oxidation the wet
anodization methods were rejected and not explored further.
In prder to avoid high temperature effects and the encouraging

results of anodic oxide films on GaAs, there is a renewed
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interest in growing insulating films on silicon by anodic
oxidation. An understanding of gilicon-sillicon dioxide
interface is necessary in order to fabricate highly reliable
devices. Therefore it is proposed to grow the oxide layers
on silicon by anodization technique and to study the interfacial
properties of the Si—5102 interfaces in detail. Anodization
parameters were optimized to obtain the best interfacial

properties suitable for the fabrication el e

Here an electrolytic bath consisting of KNO3 in ethylene
glycol was standardised by conducting various experiments.
This‘ was done by growing oxide films on silicon in the
anodic baths having different molarity of KNO3 in ethylene
glycol and then evaluating the quality of grown films
by determining the interface state density and dielectric
breakdown strength of the fabricated MOS samples, The
effects of e Hie Tt anodization gurrent densities and
annealing temperature in H atmosphere were studied to
get the best results. For evaluating the electrical properties
of grown films and their associated 35i-5i0, interfaces MOS
structures were formed on n-type <}ll> epitaxial silicon
wafers. During investigations it was observed that under
certain anodization conditions the anodically grown 5i0, films
become porous and humidity sensitive, therefore the use

of these films for fabrication of MOS humidity sensor

was also studied.
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Metal -  Aluminiom oxlde-silicen (MAS) and metal-
Aluminium oxide Silicon dioxide-Silicon (MAOS) structures
have also been the subject of extensive investigations.
In this thesis MAS and MAOS structures are also investigated.
For that A1203 films were deposited by evaporating high
purity Al (99.999%) in a partial pressure of 0. The réactive
evaporation of Aluminium 1is also a low temperature process.
In the MAOS structures silicon dioxide film is grown by

anodic oxidation technique.
1.5 ORGANLISATION OF THE THESI1S

The present work consists of seven chapters. First
chapter reviews various oxidation processes and the drawbacks
of thermal oxidation of silicon. The second chapter presents
the critical review of anodic oxidation of silicon reported
se far., Chapter 111 deals with the {fabrication of #OS
samples by anodic oxidation technique, which includes
the surface preparation of silicon wafers, anodization
process and optimisation of anodization parameters, annealing
of the samples, formation of ohmic contacts and Gate electrodes.
The electrical properfiés of anodically grown films and
the 51=510 4 Interfaces are evaluated in chapter IV. In the
V chapter fabrication of MAS, MAOS structures, their electrical
and interfacial properties are described. For the fabrication
of MAS structures 300A° Al.O0, film is deposited on

A=

reactive evaporation technique of aluminium, for the MAOS

gillecon Dy
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Structures 300 A° of Si02 layer is grown on sflicen wafers by
anodic oxidation technique and the composite structure
is compelted by depositing 300 A° A1203 film on 5102 film by
reactive evaporation techhique. Chapter VI cansiders the
fabrication and performance characteristics of humidity
sensitive SiO2 insulating films for MOS sensors. Humidity
sensitive porous films are grown on the silicon by the
anodic oxidation technique in an aqueous bath of KNO3 and
cthylene glycol at temperature 50°C and high anodization
current density 30mA/cm?. The last chapter VII is a cohcluding
chapter in which conclusions are drawn on the basls ot
the results of ¥V, ¥ snd VI chapters, the scope for further
work is also discussed. The APPENDIX A is devoted for

the development and tfabrication details of the Automatic

C-V plotter and the micromanipulator developed In  the

laboratory.



CHAPTER - 11
CRITICAL REVIEW OF THE SILICON WET ANODIZATION

The anodization technique had been mostly wsed [or
anodizing the metallic films in particular aluminium for
making capacitors Taf, &71: Gunter = JIGHUIEE and Betz [48]
were the first Scientists who used the anodization technique
for growing dense oxide films on silicon by anodic oxidation

in concentrated HZSOA'

In 1957 Schmidt and Michel [49] tried the production
of dense oxide films on n—. and p-type single crystalline
‘<lll) sriented silicom of resistivity of 2-7 ohm tm using
ihiee Hifferent elsctrelytes viz. (1) <concentrated acids,
(ii) Borate electrolytes (iii) 0.04N solution of potassium
nitrate in N-methylacetamide at room temperature. KNO3 was
added in order to increase the conductivity of the electrolyte
and .in order to supply the oxygen for the anodic reactibn.
N-methylacetamide was used due to ite high dielectric
constant. Frs il the three above mentioned electrolytes
the anodization was <carried at constant current density
of 4 ma/cm?. It was reported that 1in concentrared- acids
(HNOB) or (HBPOQ) growth of the film does not take place
beyond 160 volts, because of the large concentration of

the acid anion. In ammonium borate a dense oxide of compara-

tively low resistivity 1is formed, porous oxides are formed
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in' oxille acid or <chromate. solutiens. The solutrion . of
KNO3 in N-methylacetamide permits forming wupto 330%Y, 1%
anodization at constant current density 1is continued after
the voltage has risen to 350 volts, the oxide breaks down,
the voltage starts to oscillate without rising any further,
while severe damage to the oxide results. If -2 _silicon
sample is held at a constant voltage of 300V for some
time, forming thereafter can be continued upto 560V. At
560 volt bright sparks appear in the sclution. Thus they
succeeded in forming oxide layers as thick as 2200A° at
560 volts. However they pointed out that forming at constant
voltage more than 300V induces structural changes in the oxide.
The fleld during forming 1s of the order 2.6x107 ¥icm
corresponding to a thickness increment of about 3.8A°/V.

The thickness of oxide films was measured by direct weighing

6f the smaple, by Iinterference colours, and by capacitance
measurements. The ionic «current efficiency of film growth
is very laow. In methylacetamide 1t can be [increased by

addition, of chloride ions ot by fluoride ions.

The¢ ancodie ecurrent 1is in the reverse direttion for
a barrier on n-type silicon, consequently, the rate of
thie anadic growth is limited by the supply of minority
carriers, holes, to the Si-oxide interface. This fact
was verified by conducting anodization experiments on
n-type silicon in dark and wunder illumination. The curve
taken under illumination of the wafer is similar to that

en p=type - -silicon.
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They also reported that during the anodization process
heat 1is generated by power dissipation across the barrier
in the silicon. The measurement indicated that the temperature
at a distance of 3 miles from the {front surface of silicon
rose to approximately 65°C within 30 sec of anodization

at a current density of 6 ma/cm?, the bath temperature

badng 2:3°%¢C .

In 1964 Schmidt et. al [50] reported the preparation
of phosphorus doped anodic oxide films on siliicen. They
also suggested that these oxide films can be used as phosphorus
diffusion sources during heat treatment. The anodization
was carried out in a solution of 15 percent by volume
of pyrophosphoric acid in tetrahydrofurfuryl alcohol,
at a constant current density in the range between 3 and
3 mAfem? . The current densities below 2.5 mA/cm? lead
to poor oxide quality and current densities above 5 mA/cm?
were not used in order to avoid Joule heating of the solution.
When the desired anodization voltage was reached, the
operation was continued at a constant voltage for 30 minutes,
this being suificient time for the leakage current to
decay to a small value and to become practically independent
of further anodization at constant voltage. Anodizations
were in general carried out in non-stirred solutions at
room temperatures or slightly above room temperature.
At 65°C the thickness of the oxide film per volt forming

voltage increases noticeably, indicating the beginning
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of porosity, temperature higher than 45°C were therefore
avoided. The thickness/voltage increment was 2. BLAYIY. & I%
for constant voltage operation, and 4.66A°/V + 5% for

constant current operation (3 mA/cm?) .

In 1964 Duffeck et. al [51] wused N-methylacetamide
(NMA) + KNO3 solutions and studied the effect of water in
the anodizing solution on the grown oxide, using silicon
and oxide weight analysis. The electrolysis products and
reactions during anodization of silicon were examined.
High purity gingle crystal siliconm 1-2 ghm - cm p and n-type
were used. Prior to anodization the silicon was etched
in CP~-6 (1: 5, HF: HNOB) or CP-8 (6: 10, HF HNOB), dipped in HF
for several seconds, rinsed in deionized water and dried.
The temperature of electrolyte was held as close o 358
as possible. Oxide film thickness measurements Vs net
forming voltage at 5 mA/cm? and with 0,1 - 0.5% water in
NMA showed the rate of growth of film as 5.3 A°/V from 100 to
425 volts. They investigated the effect of water concentration
and current density onthe S$i: O2 ratio in the oxide and

conc luded that 0.5% to 3% water and current densities

between 3 to 0 mA/cm?  produced the most Stochiometric

T4-Ema.

In 1965 Duffeck et, al [52] used the reagent grade
ethylene glycol and 0.04N KNO3 as electrolyte to grow

5102 films and studied the characteristric of the grown
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films. For pretreatments raw, lapped silicon wafers were

chémically polished Ln CP-& (l: 3, HF: HNO o GRS (B NHE

=
HNOB), dipped in HF, rinsed in ,deionized (DI) water and
dried. Chemically polished silicon wafers were .also used,
they were degreased in hot trichloroethylene and rinsed
in the order, acetone, deionized water, HF (49%) for 20 sec.,
D.I. water and dried. the temp. of electrolyte was kept
at 23°* - 30°C. Anodizations were carried out at copstant
current with current densities ranging from 1 to 25 mA/cm?.
Anodization was terminated when the predetermined forming
voltage was reached. The anodized wafers were rinsed in
D.I. water, dried and evaluated. The thickness of films
grown were measured by means of interference colour comparison
to known standards. The refractive index of these films
were measured. The experimental results shows that stoichio-
metric SiO2 films canbe obtained on a reproducible basis.
It is reported that the use of ethylene glycol as a solvent
has the advantage of low cast, Whigh purity, electrolyte

solubility and good stability toward heat and electrolysis.

In 1966 R.Dreiner [53] anodized lew resistivity
(" 0.02 ohm-cm) <1ll> GElented ;" potype | silicon slices ot g
solution of 0.04N KNO3 in ethylene glycol containing 2% water,
and the dielectric behaviour of the system Si/Anodic/Sioz/
electrolyte was studiad. The samples were anodized at

constant current to desired voltages. No constant voltage



22

phase followed. It was observed that the oxide started
to peeloff from some areas of the substrate when low formation
current densities were applied, but no such effect was
observed with high current densities. Preliminary experiments
indicated that the pretreatment of the substrate had an
influence. The onset of peeling was delayed when the samples

were chemically polished prior to formation. It was concluded

that the thinner films were of better quality.

In 1967 Akos G.Revesz [54] oxidized silicon anodically
using constant voltage method. The Si—SiO2 interiges wds -invess
tigated with the MOS capacitance method. The primary purpose
of this investigation was to compare anodic oxidation
with the thermal one on the basis of MOS interface behaviour.
It was shown that constant voltage oxidation under <clean
conditions in.a nonaqueous electrolyte followed by a short
time annealing in helium at high temperature results in
an interiace that is comparable with that obtained by
thermal oxidation. Chemically polished 10 ohm-cm- p-type silicon
of <ﬁll> and <i0d> prientations. were used. The -speclmens
were carefully <cleaned and just bejeore anodizatiion  WEEES
submerged in hydrofluoric acid and rinsed with distilled
water. The electrolyte chosen was 0.04N Solution of KNO3 in
N-methylacetamide {NMA) . Since it was known that this
electrelyte 1is hygroscopic and +the oxidatiohn process 1is

influenced by its walter content, fresh electrolyie  was
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used for each oxidation. No attempt was made however to
avold water absorption durlng oxidation, The itemperalidre
during anodization was about 50°C. The cathode was a platinum
sheet. The <constant current density was varied from 3
to 10 mA/cm?, the highest forming voltage was 300V, and
the lowest current density obtained during the constant
voltage mode was 0.04 mA/cm? in about 300 min. After oxidation
the specimens were rinsed 1in water. Some specimens were
than treated in hydrogen at 500°C for 15 min., eor in helium
at &609C - 1000°C. The: hydrogen treatmenf was done Ap
a conventional vitreous silica tube furnace, whereas the
helium annealing was per formed in anm alr ceooled silica
tube with radio frequency (rf) heating. For MOS capacitance
measurements with a mercury probe the specimens were provided
with nickel back <contacts. The differential capacitance
of the MOS diode as function of bias was measured at | MHz
with an automatic measuring apparatus. The density of
surface states 1is determined by the anodization conditions.
High values were obtained by constant current anodizatlon.
In 'the case of constant voltage anodization the surtace
T density generally decreases with the anodization
time i.e., with the final oxidation rate. Constant voltage
anodization to low final current densities followed by
annealing in  helium at elevated tEmpErETihrg: caf”  cesuilf
in 2 x 10!} &m e surface density. The relatively high

perfection of this interface is shown by the lack of interface
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instability effects at 300°C under high field. Under these
conditions the shift of the C-V curves js quite small

and voltage symmetric.

In 1968 A.G.Revesz and K.H.Zaininger [.3.5] observed
that the oxidation of silicon can be performed elecrrolytically
by applying a sufficient overvoltage in ap electrolyte
that does not dissolve the oxide. The most interesting
featuré of anodic oxidation of silicon is the very low
‘oxidation sificlenty 1., 0.4 to 1.6%, corresponding to
g eutrrent that is overwhélmingly electronic rather than
ionic. This is quite in contrast to rhe anodization behaviour
of, say, tantalum and aluminium, During «constant current
oxidation, the field across the oxide is conmstant, L.2 x 107 to
8 x 107 volts/em, depending on current density and the
orientation of silicon. The oxidation rafe is about & A%ZV.
The oxidation rate and efficiency show definlia and parallel
trends, they increase with increasing oxide thickness and
current density. Under constant voltage anodization, the
oxide thickness and chirrent density wvary with the logarithm
and reciprocal of t ime, respectively. The oxidation rate
and efficiency decreases with time and thickness, s

decrease could be due to decreasing current density and/or

Structural changes in the oxide.

The main advantage of anodic as opposed to thermal

oxidation is that it tan, be performed  ar. much lower tempera-
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tures. Hence processes that deteriorate the minority carrier
lifetime, can be avoided. Also, unwanted changes in the
doping profile within silicon can be minimized. The dis-
advantages of anodic oxidation are limited thickness (2000-

3000 A°) because of breakdown effects.

In 1969 CiR.Fritzsehe [56] studied the dielectric
breakdown in anodically grown SiOZ. 1l ohm-cm single crystalline
silicon wafers polished on one side and nickel plated
on the backside was anodized in a solution of 0.4 ¢ KNO3 in
180 c.c. ethylens pkyesl. at 25°C. ‘Platieum was used as
cathode and its distance from the silicon was 1.2 cm.
The water content of the glycol was checked by Karl Fischver
titrations and in, most cases kept between 0.06 and 0.08%.
Aluminium electordes 0.5 mm in diameter were evaporated
for breakdown measurement. Breakdown voltage was measured
with dc as well as pulse methods, an improved pulse amplifier
was used and the current limiting resistor was only 220 ohm
at pulse measurement. The self-healing breakdown as well
as the final breakdown which destroys the sample definitively
were noted. These two types of breakdowns were ‘called
as first breakdown and definitive breakdown. It was reported
that the probability of breakdown at specific point defects
depends upon electrode diameter. The dielectric strength
of the grown oxide layer decreases with increasing tfemperature

and the water content of the elecfrolyté. It is reported
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that impact ionizatieon takes place during anodic growth
of SiOZ. It 1s found that avalanch multiplication of electrons
and ionic conductivity are closely related.: Aa improved
theory is given which supplies equations for efficiency
of anodization, growth at constant ElE et and current
decay at constant voltage in excellent agreement with
experimental results. The effective mass ratio of electrons
te lens, the mean free time of the electrany, the mean
t ime bet@een tonizing collisions and the electron drifs

velocity are estimated from experimental data.

In 1970 R.Nannoni 57 ] reported that an abundant
literature has been dedicated to thermal oxidation of
silicon and to anodic oxidation of metal like Al TR,
T3, M, Bot 3 very few works related to the anodic oxidation
of silicon have been carried out. Nannoni observed that
the eleéctrical properties of anodic oxlde films and of
the semiconductor oxide interface have not been investigated
tan dewai'l, Tha results of the complex capacitance me t hod

Hsed to characterize the semiconductor surface properties

were described.

For the fabrication of MOS capacitors the silicen
epitaxial wafer of <lll> orientatlon {s cleaned in boiling
CCla and in boiling HNO3 rinsed in deionized water and

dryed in twice distillad meEnylit alcalel and then ln
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ethylic eather. The wafer was anodized in a teflon cell
containing the solution of 8 gm/litre of KNO3 in twice
distilled diethylene glycol as electrolyte. The electrolyte
bath was replaced for each preparation. A platinum grid
was used as a cathode. A three step anodization process
is' used. In the first StE&p. the c&curremt g exactly zero,
In the second step the current follows a linear increase
of 0.5 mA/cm? per minute uwpre a denwity- of 10 mA/cm?, In
the third step the voltage limiter takes control and keeps
a constant voltage UOX across the terminals, the current
1ox decreases freely reaching for instance 10 A/cm? for tox =

24 h, on = 200V, the oxidation temperature ToX being kept

constant at 30°C. After its oxidation the sampe 1s rinsed

in ~ethylene alcohol then in methylic alcohol and dried
in ethylie ether, then immediately stored under vacuum
al 3% lO_6 tobPf . For glaseirical measurements seven gold

electrodes 2 mm in diameter about 1000 Ac° in thickness

were evaporated. The equivalent series capacitance Cseries and

the loss tangent (tan G)MOS of the MOS capacitor were

determined by using a capacitance bridge. These measurements

were made at controlled temperature in &  dry nitrogen

atmosphere and in darkness. The AC voltage was maintained
stder than KT/q volts., Tuo characterize the etecithiical
properties of the anodic oxide MOS capacitors complex

impedance values were considered and not only the imaginary

part. The impedance Z%os was calculated from the equivalent
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i , itance C . and the loss factor (t&nd . Since
seriles gapacitane arhch e ( )mOS
the 1imit values {ar a zero and infinite frequency) reached
by the impedance are only capacitive, the compelx capacitance

of MOS capacitor was introduced by

" = g Y L e = . ;
mos mos mos P %
i 7 s
mos
2 representation was used in the complex plane (C* as a
mos mos

function of C%os) currently used for dielectric study.

The anodic oxide can be either 'dry' (moisturs exposure
reduted to a minimum) or ‘'wet' (after voluntary exposure
to moisture). The study of the complex capacitance C;os of MOS

capacitors has shown the important influence of the moisture

on the properties of anodic oxide MOS BUruc tures. ‘Fhe
unambiguous determination of surface state parameters
from the variations of C%os as a function of frequency,
temperature, and appliad bias is discussed. A merhod of

characterizing - the distribution of Surface states was
proposed. The utrilization of this method permitted to
explain some apparently contradictory resillifs published

in the literature, and showed that:

&) Whatever the oxide ‘'Wet' of tBry” and Silicon-Oxide
interfaces are characterized by the same energy

distribution of surface states, whose density is
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hgih (about 1013 ev_l cm_z) and nearly symmerrical with

respect 1O the middle of the gap-.

t3d) The mobile protons contained 1in 'Wet' oxide have

no influence on the distribution of surface states.

(i1i) In order to reduce the density of surface states
by thermal treatments at low temperatures (about

PEQFCY the oxide must Dbe of 'wet' type.

{n 1973 1.D:B.Beaynoh er. 4l [98] used the insulating
SAJDZL layers grown anodically to fahricafs MOS capacitors
and MOS transistors. The MOS capacitor structures Wwere
used for investigating the electrical properties of the
oxide and also the characteristics of the Si/SiO2 interface. The
threshold voltages of MOS Sj“x’ubczzbﬁﬁKwere measured as
a function of oxide thickness. Furthermore, the Hall mobility
sf the carriers ip fha channel of MOs translstors WESS

ascertained by means ol thE specially designed Hall MOS

transistor.

Mechanically polished 10 ohm-=c¢m n-typeE ~ 11y sTiTaen
substrates were used. e g licen slices were cleaned
using sulphuric gg-id and hydrogen peroxide, followed

by immersing alternately in hydroflouric seid and bolling
aqua regia three times . Conventional diffusion techniques

wer® used 1o foym the p-type source and drain diffusion
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regions of the MOS transistor. Electrical contact with
the silticon slice was made via a diffused P region an
the back of the “sliled; this provided a low "resistance
contact to the silicon (which was made the anode in the
electraglytic cell). The cathode was a thin sheet of platinum
having @ total surface area of 2 cm?, Several electrolytes
were used but the most successful films were obtained
using a mixture of 0.02N KNO3 and 0.02N KNO2 in ethylene
glycol. Each silicon slices were anodised in: the following
way: a constant cuyrrent source was maintained at anm imjirial
current density aof 7 mA/cm?. As the film grew, the potential
difference acrogs 1t increased. When this reached to a
predetermined value, the voltage was maintained at this
value and the current allowed to decay. The forming voltage
was maintained until the current dropped down to about
208 Av A/cm?. Forming voltages bhetween 10V and 200V were
used to produce oxide thickness ranging 80 A° to 100 A°,
The thickness of the oxide film was determined by ellipsometry.
Due fo depletion layer fermation in  W-fype slilicen  &f
the silicon/electrolyte interface, the slice was illuminated
to generate sufficient electron-hole pairs to allow growth
to proceed at current densities of 7 mA/cm? at low voltages.
Two metals aluminium and molybdenum were used for forming
the gate. The metals were evaporated and then etched to
form sewrce, drain and gate regions. The slices were f[hnally

annealed in a mixture of hydrogen 40% and nitrogen 40%
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for 198 min. a1 FSOUrE.

The following electrical tests were conducted on
the fabricated samples. Using a keithley electrometer
leakage current as low as 10—13 Amp at 10V Were measured
far 1100 A® filmes, the resistivity of the anodic oxide
film for thickmess ranging from 200 A® to 1100 A® was
found to be 7 £ 1| x 1015 ohm - cm. The breakdown field strength
of the oxide was deduced from the voltage required for
catastrophic breakdown of the  MOS Caha e LEET Breakdown
of the oxide .was measured for positive bias voltage such
that the surface of the n-type silicon immediately wunder
the gate was in accumulation, Results indicated that the
breakdown voltage 1is proportional to film thickness i.e. the
breakdown field strength is constant. Its value was approximated
8 x lO6 V/em. From C-V measurements on aluminium MOS capacitors,
it was deducted that there was a surface charge density
of 2—3x10ll electronic charges/cm?, this charge was found
to be independent of oxide thickness. To determine the
stability of the oxide, bias-temperature stress experiments
Were caErcigd Sogr  on the MOS . capacitors. The capacitors
were heated to 150°C and maintained at this temperature
for 15 min and then allowed to <cool with a continuous
biasing field of 106 V/cm produced by positive gate voltage.

The C-V curves of the capacitors were plotted before and

after Ehe blas temperature stress to. defermine the shifw
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inn flat band voltage no gslgnificant shift was derected,
The threshold voltages of the MOS transistors were measured
for drain currents of l g4 amp. A quite ) good agreement
between the calculated and measured values of threshold
voltage was ESpoE fed. Hall mobility measurements were
made only on device with a gate oxide thickness of 1100 A°.

The average value of hall mobility of holes in the inversion

layer was found tobe 210 * 20 cm?/V.sec.

In L9777 W.D,Mackintosh apnd H.H.Blattner [3%] Ldentifiod
the mobile Jlons during the anodie oxtdation of silicon.
During anodic oxidation either the cation or the anion
or both must migrate across the thickening oxide film.
The mobile ion can be identified ar, if beth move, the
relative mobilities can be deduced by tagging a thin surface
layer with a completely immobile marker atom and determining
its position after anodizing the speciman. If ‘the marksr
is. found at the surface then oxldation: has taken place
by inward migration of the anion to form the film beneath
the marked layer. If the marker is found at the substrate/oxide
interface the opposite process has occured. An intermediate
position indicates both <cation and anion have moved and
the, relative wmoblliries are proportional re: tha: relarive
rhickness of the oxide on either side of rhe marker atoms.
The inert gas atoms were chosen as markers on the graounds

that they are the most likely to remain unchanged within



36

the oxide lattice and henee are not influenced by the
application of the electrical field. In addition their
large size suggests that they should net diffuse through
the lattice at room temperature. The marker locations

were determined by Rutherford backscattering analysis.

A variety of specimens were used. Some were thin
wafers cut very closely parallel to the <31£> plane while
others were tablets 3/8 inch thick cut from 0% off the

QJ1> plane, most were p-type boron-doped although one
n-type phosphorus doped speciman was also used. The surfaces
of all specimens were prepared by vibratory polishing
with' 0.3 AL m alumina, followed by wultrasonic cleaning
to remove the abrasive. They were then degreased in trichloro-
ethylene, etched for 5 min. in 0.5N HF and washed thoroughly,
Oxidations were carried out in a Teflon cell constructed
for this purpose in such &8 way that only 0.7 em? of polished
surface was exposed to the elecirolyte. The electricgl
connection was made by diffusing gold into a small area
on the back of the speciman and firmly coatatt jneg: thie.,
area to a copper plate contained in the body of the cell.

Experiments were carried out with the following electrolytes:

(a) 0.IN aqueous solution of H3BOBand NaZBaO7. lOHZO.

(b) 0.4N solution of KNO3 in N-methylacetamide and
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ey 0.3N solution of KNO2 in tetrahydrofurfuryal alcohol.

The inert gas atoms Kr or Xe were introduced into the
51 wsurface layers with a low energy mass separator. The
amounts implaned were 5 x lOlu atoms/em? for Xe and L' x 1015 for
Kr. These are the minimum amounts conveniently detected
by Rutherford back scattering analysis. Specimens with
prepared surfaces were anodized to give a film thickness
of b”l6/¢g/cm2. They were then implanted with the chosen
marker at an energy that would insure that the greater
part of the implanted material was located within the
oxide film. Rutherford backscattering spectra were obtained.
The specimens were then further anodized to a chosen voltage
and analysed again. Computer analysis of the data was
then carried out to obtain the position of the markers,
the thickness of the oxide films, and the count of He
ions back-scattered from the implanted atoms. In every
case the markers were found to be very close to the puter
oxide surface, showing that inward movement of the anion
is responsible for oxide growth. In this respect anodic

oxidation resembles thermal oxidation.

in° 1978 C.C.Jaln =t. &l 160] studisd the mechanism
of the constant veltage anocdic oxidstion of Si in a solution
of ethylene glycol + 0.04N KNOB. They found that the thieknees

of the formed oxide vary linearly with the forming voltage
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at a rate of 6.3 A°/V. The anodization current for a fixed
value of forming voltate decays exponentially with a linear
tall. The +thickness of the grown oxide obeys a parabolic
law, and the ionic <current efficiency tends to decrease

with time up to a field 20 MV/cm.

Experiments were performed on rectangulared shaped
silicon single crystal chips of size 45 mm x 5 mm and of
thickness BOO/Amn. The crystals were p-type with a resist vl by
of 8 ohm-cm cut paralle! to the <119> plane lapped flat and
then polished mechanically using a submicron alumina powder
as slurry followed by a light etch in the S HNO3 and HZO
system. The electrolyte used was ethylene glycel + 0.04N KNO3.
trace of water (0.1 - 1%) was present in ethylene glycal,
The cathode was of a noble metal (gold) foil. The thickness

of the oxide was found by a comparison of the oxide colour

with a standard interference colour chart.



CHAPTER ITI

ANODIC OXIDATION OF SILICON AND FABRICATION
OF MO8 STRUCTURES

3.1 INTRODUCTION

The literature survey shows that in last two decades
efforts were made to grow anodic - oxide films over silicon
wafers using different electrolytes and their characteristics
were studied. However the electrical properties of anodically
grown oxide films and the semiconductor oxide interfaces
were not fully Investlgated, Ae¢ ‘the oxide {ilms grown

by thermal oxidation were found superior as compared to

anodically grown films and therefore they were widely
investigated and were used for fabricating insulating
films for fihe applications in semiconductor  and [.C.
Technology. |

Ag: the integration  of large number of devices in
8 single chip 1Is increases it was realised that high tempera-
ture process&és are not suitable for VESI technology, parti-
cularly the high temperature oxidation limits the further

integration of devices in a single chip and degrades the

performance of the devices. Therefore it is proposed to
grow high quality SiO2 films at low temperatures using
anodic oxidation technique for VL& applicarions., Due

to. the ease of fabrication, simplicity of structure apd
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the sensitivity of the C-V characteristics to physical
properties MOS structures are .used as a test vehicle
to study the influence of process paramefers on properties
of insulating films grown on silicon and to study Si~Si02

interfaces. For the fabrication of MOS samples.

A stringent <cleaning procedure was used to minimise
the surface contamination of the samples. A proper electrolyte
and its composition was selected, anodization parameters
and annealing conditions were optimized. In order to
grow high quality films and for obtaining the best results
a large number of experiments and measurements were carried

out and discussed in this chapter.

3.2 THE MOS STRUCTURE

The MOS capacitor offers an incredibly power ful
test structure for evaluation of the dielectric properties

of grown films and for the study of electrical and interfacial

properties of semiconductor - oxide interface. Schematic
of MOS structure is shown in fig. 3.1. Essentially &%
consists of an n- eor p-type semiconductor, covered by

a thin oxide film with a metal electrode (gate) on top
of the insulator and an ohmie contact to the semiconductor.
Such devices can be an important research tool because
their capacitance versus bias (C-V) characteristics contain

information about the surface states present in this
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sy s tem. The performance ' of MOS system depends on the
interface properties of the semiconductor and the oxide
film grown over the semiconductor. Interface state density
and Aielectric breakdown strength are used to assess
the quality of oxide film. Low value of interface state
density and high value of breakdown field are the desired
characteristics of a good insulating £ilms Theref ore
the measurement of interface state density and breakdown
field are important to assess the quality of the oxide
film grown on semiconductor and to optimise the process
parameters associated with the fabrication of the oxide
layers. To evaluate the surface states density either
capacitance or conductance methods can be used. The conductance

method gives the accurate results as compared to capacitance

method, but it requires large number of time consuming
measurements. Therefore to compare the charagteristics
for optimization of anodization parameters capacitance
method 1is used. For (inal assessment of fthe prown §llms

conductance method was wused as described in chapter 1V,
In the MOS8 capacitance method, a d-c electriec field 1is
applied between the metal -electrode on the oxide. and
the 'silicon. For a given value of this field, a definite
charge distribution in the MOS system will arise. The
differential capacitance ot the silicon Space charge
region is then measured by superimposing a small ac

voltage on the de¢ bias. The differential capac ltance

as a function of the applied dc bias is determined. These
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measurements were taken with Boonton Bridge. The obtaned

capacitance vs voltage (C-V) <curve 1is compared with a

calculated ideal curve Fell, il gLy characteristics of a
silicon-vacuum interface without surface states. LE,
for each value of the D.C. field, equilibrium had been

established and tilhe frequency of the small ac signal
Is 80 high that no electronic transfer between wvarigus
Sstates outside fthe silicon (i.e. interface, oxlde states)
and the space - charge region can take place during one
pericd, then +this comparisen gives the density of charges
residing in these states as a function of +the silicon
surface potential, or, what is equivalent to  this, &as
a function of the energy position of these states §n
the Si forbidden band. The density of states at flatband
condition i.e. VS = 0 is designated as NO and is frequently
used to characterize the MOS sample. The voltage difference
between the measured and ideal C-V curves (AV at flat band)
can be used ta calculate the surface states at Ilst band
i

condition. The density of surface states in unit of cm” is

determined by Gauss law as:

where Ci I8 the insulater cdpacitance in strong accumularion

region and g is the electronic charge.

3.3 SURFACE PREPARATION OF SILICON

The material wused in the investigation was n-type
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epitaxially grown silicon wafers of <IID orientation having
resistivisry of 6 fo- & ohm~-em. The resistivity of the
substrate was 0.005 ohm-cm. The purpose of using e epitaxial
wafers are fa minimise the bulk series resistance to
a negligible value as it causes a werious erroe Fn  ¥he
extraction of interfacial properties from admittance
measurements., Further jt is €asy to make good ohmic contact
on nt pllicon asubstrate. For the fabrication of test
MOS samples wafers were cut into 8 mm x 8 mm square pieces

using diamond tool scriber.

Wafer cleanliness before, during, and after oxidation
is perhaps the megst important requirement for growing
high quality oxides [62]. Impurities present on the silicon
surface prior fo oxidation or during the oxide growth
itself influence the homogeneity of the film, the interfacial
and electrical prapetties. '9f tha grown films. There are

three broad categories. of surface contaminants:

(a) molecular,
(b) ionic and

(c) atomic

Typical molecular contaminants are natural and synthetic
waxes, resins and oi-lts. They may also include grease
from fingers and greasy films that are deposited when

surfaces are exposed o room air ar ‘Srored ke ' plrastie
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containers. Layers of such molecular impurities in contact
with the substrate surface are usually held by weak electro-
static forces. Organic contaminants on silicon devices,
especially on surface-sensitive MOS structures, may cause
polarization [63] and ionic drift [64] due to the transport
of protons [65). Water insoluble organic compounds tend
to make semiconductor and oxide surfaces hydrophobic,
thus preventing the effective removal of absorbed ionic
or metallic impurities. The removalof molecular contamination

is threfore the first step in a cleaning process.

Ionic contaminants are left on the surface of the
wafer after etching it in etchants containing HF adid,
out of these ionic contaminants, alkali ions are particularly
harmful as they may move under the influence of electric
fields or at elevated temperatures, causing inversion
layers, surface leakage drifts during device operation,

and other instabilities [66].

Atomic contaminants present on a silicon surface
include heavy metals such as gold, silver and copper.
They originate from acid etchants and are usually present
in the form of metaFlie deposits [[671] The removal of
this type of contaminant generally requires reactive
agents that dissolve the metal and complex fhe ionic
from to prevent redeposition from the solutian, Atemie

impurities, especially the heavy metals, can seriously
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aflect ‘minority - ecarrier lifetime, surface conduction,

and other device parameters governing stability of the

devices [68].

Ionic contaminants are left on the surface of the
wafer after etctiimg It in etchants ~€0ntaining HF acid,
out of these ionic contaminanfs,~afkali ions are particularly
harmful as they may move -under the influence of electric
fields or at _elevated temperatures, causing inversion
layers,__sufface leakage drifts during device operation,

and other instabilifjes CEET.

Atomic contaminants present on a il icomn jgrface
include heavy metals such as gold, silver amd copper.

They originate from acid etchants and ace’”ﬁsually present
in the form of metallic deposits ~[67]). The removal of
this type of contaminant generally requires reactive

agents that dissolve the metal and complex the ionic

from to prevent redeposition from the solution. Atomic
impurities, especially the heavy metals, can seriously
affect monority- carrier lifetime, surface conduction,

and ~other device parameters governing stability af the

-
=

devices 687

Since a contaminated surface is likely to contain
all three types of impurities, it is necessary to #first

remove the gross organic residues masking the surface,
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then the residual organic materials, and finally the
residual ionic and atomic contaminants. The following

procedure was used to clean the samples.

The samples were first boiled in trichloroethylene

and then ultrasonirated in acetone. The samples were
treated with a solution of HZO - HZOZ - NHQOH (typically five
parts by volume of HZO’ one part 30% unstabilized HZOZ and one

part NHQOH). It removes organic contaminants by solving
action of the ammonium hydroxide and the oxidizing action
of the peroxide. The sampels were then rinsed with deionized
water. The samples were treated with second solution
of HZO = HZOZ—HCI {typical composition is six parts HZO’ one

part HZOZ and one part HCI by volume). The samples were
rinsed thoroughly in deionized water with several changes.
Metal impurities are oxidized by the action of both the
hydrogen peroxide and the chlorine in the solution resulting
stable <chloride complexes, the solutian removes metallic
impurities from the silicon surface and prevents their
displacements plating back onto the g 1 emin LE% ). Thae
main advantage of these two cleaning solutions s that
they are composed of volatile components and thus leave
B0 rEsidues on. the siltton surface, Finally the slices
were dipped in dilute HF acid rinsed in deionized water

treated with alcohol and blown dry before immersing them

in the anodization cell.
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3.4 CLEANING OF ACCESSORIES

Pyrrex Glass accessories such as beakers, sample
holders, stirrer etc. ysed in the experimental work were
cleaned thoroughly to remove organic and inorganic conta-
minants, and dust particles &tc. Otherwlse the impurities
introdeuced from the accessories during the nandling
of the samples may adversely effectr the quality of oxide
grown, Based on experimentation the following cieaning

procedure was found appropriate which gave ths most satis-

factory results.

(i) Boil the glasswares in teepol.
(ii) Wash the glasswares thoroughly in water.

{(1i1) Beil the glasswares in the solytion of NagH

for five minutes.
(iv) Wash the glasswares with distilled Wt e,

(v) Dip the glasswares in hot concentrated chromic

acid for flve minutes,

(vi) Wash the glasswares again with distilled water

and dry with hot air.
(vii) Rinse ulrrasonically in acetone for 2. minutes.

(viii) The glasswares thus cleaned were placed in

a dust free hot eleciric oven.
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"The anodization process was carried out on the
horizontal laminar flow clean bench placed in the clean
room. Electronic grade chemicals and ultrapure water
having resistivity of the order of 14.5 M Ohm-cm were used.
The wultrapue water was preparad; Eye shipst distilling the
tap-water, the distilled water was subjected te¢ ‘ultra-
vislet light to minimize the bactria count (703 . Fiaally

it was passed through the sybron/Bransted water puri-

fication system.

3.5 THE EXPERIMENTAL SET-UP AND FABRICATION OF MOS TEST
SAMPLES

The complete anodization set-up is shown in Fig.3.2:
Essentially it consits of d.c. power supply, a wvarieble
seéries resistance, an electrolytic~cell, a FET Nanoammeter
(Aplab TF MI3 Model). Tha electrolytic cell consits of
a pyrex glass beaker having freshly prepared electrolyte.
A spring loaded platinum tipped probe in contact with
the sampel serves as anode of the anodization cell. Tha
cathode must be of such conducting material which does
not dissoive in or contaminate the electrolyte; Jt= shape
should allow easy cleaning and enough surface for exposure
b glectrolyte, the cathode was made of a platinum flat
BEfELD of size U cm x 0.5 cm. Before use it was thoroughly
clesned., The slectrolytlc c&ll was placed on a magnetic

stirrer (Martin and Harris Magstir) so that alectrolyte
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may be stirred during the anodization process as shown

LI IR B3,

In the experimental set up a8 colliminated light
source was wused to illuminate the test sample to provide

holes by photo generation.

The sample to be anodized was fixed onto the sample
holder as shown in Fig. 3.4 and explained as follows.
The sample holder was made of pyrex glass tube. One end
of this tube was made flat and had a hole of about2 mm
diameter in the centre. The sample was fixed on the sample
holder by Apiezone wax. The sample edges were covered
with the Apiezone wax to eliminate edge effects during

anodization [71].

The anodic cell should have uniform spacing between
electrodes to have uniform anodic current density, therefore
the sampel holder and cathode were mounted on the 1lid
ensuring that they are parallel to each other at every
point in the electrolyte., Further it was also ensured
that they do not touch either the side walls or the bottom
@f the beaker. The llid was placed on the beaker with
stirrer in position. This set-up was placed on the beaker
with stirrer in position. This set-up was placed in the

horizontal laminar flow clean bench and is shown in i R
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3.5.1 ELECTROLYTIC BATH

The electnolytle bath used for anodization was
freshly prepared KNO3 solution in Ethylene-Glycol. The use
of ethylene glycol as a solvent has the advantage of
low cost, high purity and good stability toward  heat
and cledrrolyals . An accurately measured quantifty of
KNO3 was added to the Ethylene-Glycol. The solution was then
stivred with a magnetic stirrer until all rhe solid KNO3
material was completely dissolved in the ethylene glycol.
The solution was carefully filrered +to remove any solid
particle Ln- the solutiom. The ethylene-glycol is hvgroscopic
in nature and absorbs water from the atmosphere, A trace
of water was found necessary for the best oxide character st ics
which is absorbed by the ethylene-glycol Fraakf from
the atmosphere. 1f the excess water is absorbed by the
electrolyte it will deteriorate the. fgoality of grown
oxide film. Therefore a freshly prepared bath was used

for the anodization of each set of samples.
3.5.2 ANODIZATION PROCESS

Anoxidization may be carried osuf either in constant
current mode o@r constant voltage mode. In ‘the constant
current mode the anodization current density was maintazined
constant throughout the anodlzation cycle by increasing

the amount of the voltage across the anoda -and cathéde
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electrodes to the predetermined forming voltage by decreasing
a series resistance connected to the anodization clrecuit.
On the other hand under the constant voltage mode a pre-
determined voltage is applied across the anode and cathode
of the anodization bath and it is maintained constant
throughout the anodization process while the current
decreases aé the oxide film grows on the sample. In the
present work the anodization was first carried out under
constant current mode to a predetermined forming voltage
followed by a <constant voltage mode wuntil the current
was reduced to a minimum final value. Most of the oxide
is grown during the constant current mode while the subsequent
constant voltage mode improves the quality of the grown

oxide film.
342w 3 ELECTROLYTE MOLARITY

For optimizing the Vamlsritye of elecirmliyGe, GRE
solutions of Potassium Nitrate Salt (KNO3 ) i rmolatdty
0.02N, 0.04N, 0.06N and 0.08N in Ethylene Glycol (C2H6O3) were
prepared. The wafers were cleaned as described in section
(3.3). The test MOS samples were fabricated by growing

oxide films on separate Si pieces wusing the electrolytes

of four different molarity as given above.

For each sample the anodization was carried  at

a constant current density of 10 mA/cm? while forming voltage
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increases gradually until it reached a predetermined
value af 100V &t this point forming voltage was kept
constant and the current density was allowed to decrease.
Immediately after anodization, the sample was removed
from the tube and cleaned with, DI water, trichloroethylene
and acetone. SiO2 film thickness was estimated by a colour
comparison chart. The samples were annealed in hydrogen
amiiEmE at- 300°C. The MOS capacitors were formed by the
vacuum deposition of aluminium through a metal mask.
The field plate area of gate was typically 3.3x10—3 el® 5 "For
C-V  measurements a Boonton Dirgect capacitance Bridge
(Model No. 73C -~ § 23) was wused. The density of surface
states at flat band position was determined by high frequency
C-V technique given by Zalninger et. al. [721. Fer comparison
of Ideal C-V curves with the measured curves, -‘lIdeal -V
curves calculated by Goetzberger [61] were wused. The
dielectric strength of samples were also determined.
The results are given jin Table 1. Results indicate that
surface state density is minimum for the samples fabricated
at 0.02 Molar concentration. surface State density increases

as the molar concentration of electrolyte increases.

Further it was observed that the dielectric break
down strength is maximum for samples fabricated using
electralyte of 0.04 Molar concentration. Although surface

density was found minimum for the samples fabricated



B

using electrolyte of 0.02 molar concentration but the
dielectric breakdown is at lower side for such samples.,
Hence the optimum value of Molar concentration of the

electrolyte is chosen 0.04N.

3.5.4 ANODIZATION CURRENT DENSITY

In order to determine the optimum value of current
density the samples were fabricated as: described In
Section 3.5.3 using an electrolyte bath of 0.,04N KNO3 molarity
in Ethylene Glycol. The anodization cycle was carried
in. the electrolytic bath in constant current mode followed
by constant voltage mode. samples were fabricated at - four
different constant current densities 20 mA/chﬂ, VO mALem?
5 mA/cm? and 1 mA/cm? at a forming voltage of 100V. Film
thickness was estimated to 600 A°. The C-V curves were
plotted with the help of Boonton Bridge at 500 KHZ. The
surface state density was calculated at Flat band condition.
The dielectric strength of each sample was calculated
by measuring the dielectric breakdown voltage. The influence
of current density on the surface state density and the
dielectric strength s summarized in Table II. Results
show that samples fabricated at 5> mA/cm? current density
resulted in lower value of surface state density and
higher value of dielectric strength. Hence for subsequent
fabrication of MOS samples a current density of 5 mA/cm? was

chosen. The quality of grown film at 1 mA/cm? was poor.
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Film Thickness 600 A° Samples Fabricated at

Constant Current Density of 10 mA/cm?

58

Surface state density Dielectric
iy . measured at Flat Band strength
i i = (Volts/cm)
Voltage (States cm °)
0.02 N ¥ et ¥.3 x tof
0.04 N 7.5 x 101l 5.7 % Lg"
0.06 N Lol % 1B 5.2 x 10°

12




TABLE- - 11

Film Thickness 600 A®

x9

Anodization

Surface state

Dielectric

current density measured strength
density at flat band

2 =
(mA/cm?) Eatatas en 2) (volts/cm )
20.0 8 x 10!! 3.3 x g8
10.0 7.2 x 101! 4.2 x 108
5.0 6.0 x 10'l 5.9 x 108
| o 6
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3.5.5 APPLIED FORMING VOLTAGE AND THICKNESS OF THE GROWN
FILM

Test MQOS samples were fabricated as described in
Sub-section 3.5.3 using an electrolyte bath of 0.04N KNO3
molarity in Ethylene—Glycol at constant current density
o 7 mA/em? followed by constant voltage mode. The samples
were fabricated at different forming Voltages that - i's
20 V, 100 Vv, 1590 Yo 208 ¥, 250 V, 300 V and 350 V. The thick-
ness of the grown oxide film on the samples were estimated
by the comparison of the grown owride films eolour with
a standard interference colour chart [73] as the film
thickness measuring instruments were not available in
laboratory hence to verify the estimated thickness, the

film thickness of few samples were measured at IRDE Dehradun.

I't was observed that the estimated values were within

g 30k AR

The forming voltages and theijr corresponding thickness
of the grown oxide films are shown Il Fig. 3.6. Tha slope
of the Straight line shows that the growth proceeds gat
the rate of 6.0 A° V—l and the growth of oxide fllm 4s
directly Proportional to the forming voltage. For subsequent
Measurements, the thickness of the grown films were estimated

by the applied forming voltage.
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3.5.6 ANNEALING

Anodically oxidized samples were annealed in a
resistance heated Quartz tube furnace in an atmosphere
of hydrogen. For this‘ purpose a resistance heated Quartz-
tube furnace as shown in Fig. 3.7 was wused. Before the
annealing the Quartz tube was thoroughly cleaned to avoid
the sodium ion <contamination during annealing process.
High priority hydrogen gas was used to create an atmosphere
of hyarogen inside the Quartz tube. To optimize the annealing
temp. the test samples were fabricated with an oxide
thickness of G SAST The different fabricated samples
were annealed at different temp in hydrogen ambient,
that. is av 10€°C, 2009, JeO*C, 400°C, SQ0'C  and EhReE
respectively for 30 minutes. After annealing the samples
were allowed to cool slowly inside the Quartz sube In
the atmosphere of hydrogen. Samples were taken out from
the furnace when they were cooled down upto the room
temperature. The C-V curves were plotted for the different
annealed samples. Big. 3.8 shows the plotted curves.
It is observed that the C-V curves becomes s-teen, " and
the flat band voltage decreases with increasing annealing
temperature wupto SUURG However the C-V rcharacteristic
for sample annealed at 600°C differed from the samples
annsaled at or less than 500°C. The surface state density
was evaluated for the sample annealed at 500°C and an

unannealed sample. The results are shown In Fig. 3.9,



F1G.3.7:RESISTANCE HEATED QUARTZ-TUBE FURNACE FOR
ANNEALING OF SAMPLES
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The result shows that the interface state density decreases
for the sample annealed at 500°C in comparison to the
unannealed sample. It was also observed that due to the
heat teatment at 500°C the interface state density was
not only reduced near the mid gap but also in a3 comparatively

wide energy range.

3.5.7 GATE ELECTRODE AREA

To study the effect of Gate Electrode area a large
number of MOS samples were fabricated having a film thickness

of 600 A°. The area of Gate Electrode varied from 3x10_3 cm2

(Ao 10_2 cm2. It was observed that dielectric strength
of the grown oxide film depends on the electrode area,
For the samples with larger electrode area smaller dielectric
strength values were observed. This is due to the probability

of finding a weaker link when the electirode area Is large.

The experimental results are ghown in Fig., 3.10,

3.5.8 FORMATION OF OHMIC CONTACTS

Ohmie contacts between a metal and a semiconductor
are defined as those which exhibit linear current-voltage

cheracteristies, and it must have a low electric resistance

fraction of a ohms.

Fer fabrication of ., ochmije contacts a Hind High Vacuum

Coating Unit Model No. 12A shown in Fig.3.11 was used.
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Before evaporation all accessories of the vacuum chamber
and the inner surface of the belljar was thoroughly cleaned
by acetone. For the evaporation of aluminium, tungston
wire in the form of V notch was used as a source. The
tungston source was thoroughly boiled in trichloroethylene
and then ultrasonirated in acetone. The <cleaned source
in the form of V-notch was connected between low Tension
electrodes of the vacuum coating wunit. For deposition
99.99§% pure aluminium in the form of wire was used.
The wultrapure aluminium wire was cut into small pieces
and made small riders in the form of U's. Before loading
to the tungston source the aluminium riders were thoroughly
cleaned by boiling in trichloroethylene and ultrasonirated
in acetone. The ohmic <contacts were fabricated at the
back of anodized samples by depositing aluminium film
and then alloying it upto eutectic temperature. But before
depositing the aluminium film it is necessary to etch-
off the oxide layer from the back side. The anodized
surface was protected from HF by covering it wiih ‘high
quality wax and the oxide layer of back side is etched
off in the ©buffered HF. Then the samples were washed
in deionized water, boiled in trichloroethylene and cleaned
in acetone. For holding the silicon samples inside the
vacuum coating wunit stainless steel tweezers were used.
The samples were tightly held between the tips of the
tweezer with the help of a screw as shown in Figs Hol@l e

tweezers holding the samples were mounted on the substrate
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holder of the vacuum coating unit which was fixed just
below the radiant heater. After mounting the silicon
samples and charging aluminium riders on the source  the
eévacuation of the unit was started. When the pressure
reduced to 5 x 10_6 torr, degassing of the System was done by
applying the supply voltage to the radiant heater so
that jts temperature rises to about 300%. Tha System
was allowed to cool down tjill a lower pressure is attained,
This process of alternate heating and cooling was repeated
until the system  was completely degassed. Finally as

the system attains a stabilised vacuum better than 5 x 10—6torr

the temperature of the tungston gource was increased
slowly by increasing 1low tensién supply voltage. After
waiting for some tome , the temperature was raised to

the evaporation point of Aluminium, Some ot the aluminium
was allowed to evaporate while the shutter was closed
between the source and the substrate holder. This was
€ssential to eévaporate the impurities which might have
teltr on the surface of source and the material. The samples
were then exposed to aluminium eévaporation by removing
tha shutter. The rate of evaporation of aluminium was
controlled by controlling the source temperature, The
thickness of deposited film was monitored by the crystal
thickness monitor fitted in the vacuum coatinmg wunit.
As soon as the film of desired thickness that js 2000 A° was

deposited on the samples the deposition was stopped by
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closing the shutter and the source supply was reduced
to -zero. The system was allowed to cool down to the room
temperature. A heated molybdenum strip was used for alloying
the aluminium film to the silicon. The strip was thoroughly
cleaned by beoiling in trichloroethylene and ultrasonirated
in acetone. the Bell Jar of the vacuum coating unit was
opened and the cleaned molybdenum strip was connected
between the low-tension electrodes of the unit. The samples
were taken out from the sample holder and placed over
the molybdenum sElp the side of the samples having
deposited aluminium film was in touch with the mo lybdenum
strip. The Bell Jar was closed and the evacuation of
the chamber was started. When the vacuum of the order
o R 10_6 torr was stabilised the temperature of the
molybdenum strip was raised rapidly upto eutectic temperature
g3 -Z7TF¥E by increasing the low tension voltage supply.
After maintaining the temperature at 577°C for 30 seconds
the low tension supply was closed, The temperature was
menitored by a thermocouple whose temperature sensing
tip was in contact with molybdenum strip at the point
where the samples were placed on the strip. After the
alloying the System was allowed to cool down upto the

room temperature and the samples were taken out.

To evaluate the performance of ohmic contacts thus
formed were characterized by measuring the V-1 curve

and the contact resistance. For this purpose two ohmic
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contact points of the diameter 0.2 cm were (abricated as
described above on the back side of the epitaxial wafer
which is heavily doped having a resistivity of 0.005 ohm-cm
(doping concentration 2 x 1019 cm_3). The two ohmic contact
points were separated by & distance of §.8 =m apart.
For measuring the V-I characteristics a micromanipulator
was designed. The design details are given in Appendix A).
The ¢circolt diagram used for the measurement of V-1 charac-
teristics is shown in Fig. X.13.. A& vwarlable: &% voltage
source (: 10V) was used to supply the suitable bias voltage,
A Keithley electrometer model 610C was used for measuring
the forward and reverse currents. The entite sat up was
placed in an electrically shielded metallic box to minimise
the. gffects of nolse sarc. as shown 1h Pig.3.14, The V-1
characteristics of the sample having two ohmic contacts
on the N* side of the silicon wafer ware measured under
forward as well as reverse bilas condition. The observed
results are shown in fig: 3,135 which showa that the current
increasgs linearly with the rise of voltage in both direct jong,

the measured value of contact resistance |s 4.905 ohm.
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FIG.3-14 : EXPERIMENTAL ARRANGEMENT FOR V-I
CHARACTERISTIC MEASUREMENTS
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CHAPTER ]V

CHARACTERIZATION OF ANODICALLY GROWN SiOZ LAYERS

AND Si - SiO2 INTERPACES

4.1 INTRODUCTION

The performance of MOS system depends on the
electrical properties of the oxide film grown and the
interfacial properties of oxide-semiconductor interface.
To evaluate the electrical ana interfacial properties
of the oxide layers the C-V, G-V and 1-V characteristics
of the fabricated MOS samples were investigated and
studied. Te «calculate the interface state . density the
conductance method suggested by Nicollian and Goetzberger
[74] was used. The dielectric breakdown strength was
measured for catastrophic breakdown of the fabrldtated
MOS samples.

4.2 3URFACE STATES

Surface states or interface states are defined
as energy levels Wwithin the forbidden band gap of the
semiconductor. These states can excnange charges with
the semiconductor in a short time or long ¢time. The
surface states have been theoretically studied by Tamm [75],
Shockley [76] and others [27), [78) and have bssn shown
to exist within the forbidden gap of the semiconductor

due to the interruptioen of the periodic lattice structures
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at ihe surface of a crystal. The existence of surface
states was first observed by Shockley and Person [ 25] .
Surface states have been classiiied inteo tasy znd Eilow
states. The fast states exchange charge with the. conduction
or valence band rapidly, and are assumed fo lie ecloms
to the semiconductor - Insulator interface. Slow states,
on the other hand, exist at the interface of the air and
insulator and require a longer time for charge exchange.
The present investigations deals only with the surface
states or interface states at the insulator-semiconductor

interface, which comes under the Category of fast states:

The basic equivalent circuit [80] of the MOS structure
incorporating the surface states effect is shown in Fig.4.1(b),
Ci and CD respectively represent the capacitances arises
due to the insulator and the semiconductor depletion- region.
Cs and RS are the capacitance and resistance associated
with the surface states which depend on the value of the
surface potential. The product Cs Rs is defined as the surface
state lifetime which determines the frequency behavior
of the surface states. The parallel branch of the equivalent
clireuit in fig, 4.1¢(b) can Bme converted lHite & frequency
dependent capacitance Cp in parallel with a frequency-dependent

conductance Gp as shown in Fig. 4.1(c) where
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FIG. 4-1: EQUIVALENT CIRCUIT OF A MOS CAPACITOR
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and
Gp C. b7
s
- il 7 (4.2)
I g
where,
o = CSRS.
The input admittance Y is given by
Sl == =G . B e
in in in
where,
wz CST Cf
& SIS P 7
in ; 2 A e = .
(Ci+CD+CS) +w T (Li+LD)
c. (€, +E 4 Vet 2 0 2e)
Cin = Twcac—[Cp*C = S 7> | (4.5)
5 e y (Ci+CD+Cs) T (Corlp)

To evaluate the surface states one can either use
the capacitance measurement or the conductance measurement
since egs. (H.4)  snd (4.5), both the input conductance
and the input capacitance contain similar information
about the surface states. The evaluation of surface-state
density using capacitance measurement can be achieved,
by differentiation procedure suggested by  Terman [aLj,
the integration procedure proposed by Berglund [82] or

the temperature procedure proposed by Gray and Brown [83].

The capacitance technique, however, has severe limi-

tations [84]. The main difficulty is rthap inferface wtate
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capacitance is extracted from measured capacitance which
consists of oxide capacitance, depletion layer capacitance,
and interface state capacitance. This gifficudty does
not apply to the wequivalent parallel conductance because
conductance arises solely from the steady-state loss due
to the captu{e and emission of carriers by interface states
and is thus, a more direct measure of these properties [80].
Conductance measurements vyield more accurate and reliable

resutls.
4.3 CONDUCTANCE METHOD

The priciple of the MIS <conductance technique is
based on the simplified equivalent circuit shown in Eig40ditens
The admittance of the MIS diode is measured by a bridge.
The insulator capacitance is measure by a bridge. The
insulator capacitance is measured in the region of strong
accumulation. The admittance of the circuit is then converted
into an impedance. The reactance of the insulator capacitance
is subtracted from this impedance and the resulting impedance

converted back into an admittance. This leaves C in parallel

with the series CsRs network of the surface states, The

capacitance and equal parallel conductance divided by ... are
G S Sl T

given by esgs. (4,.1) and (%.2). Equatign (&.2) 1.e. 7§ Ex —i——7—2

(l+w"17%)

is independent of the CD and is purely a function of A CS and

W, moreover value of Gp/w is maximum at a frequency w . when
m

w L= 1, At a given bias voltage Gp/w can be measured as a
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function of frequency and plotted against wt . Knowing the
G C
maximum value of —B = _5 and the frequency w 5 e o EIRE
w 2 max s
Tt CsR = . can be determined from the measured con-
S w
max

ductance. Once CS is known, the surface-state density is
&

obtained by using the relation NSs = a% where A is the metal

plate area.

4.3.1 MEASUREMENT OF THE EQUIVALENT PARALLEL CONDUCTANCE
(Gp) OF THE MOS CAPACITOR

The following precautions were taken while carrying
out * the conductance measurement for determining the

Lnterface state densities.

The maximum swing of the surface potential caused
by the applied a.c. signal should be Jlesd ¢hen
KT/q volts, to avoid the effects of harmonics
generated due to the non-linear characteristics

of the MOS structures at higher voltages.

The values of conductance measured vary from
few nano-mhos to 10 Ao mhos. Such small conductance
values require that current leakage path along
the air-oxide interface should be minimum. Therefore
the measurement should be conducted in a well

shielded and grounded chamber having dry atmosphere.

To avoid scratching in the field plate, a gold
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wire of diameter 125 micron mounted on a micro-
manipulator was wused to make electrical contact

to the field plate.

Boonton Direct capacitance Bridge Model No. (75(-523)
shown in Fig. 4.2 was used to measure small signal differen-
tial <capacitance over the range 1-1000 PF and small
signal equivalent parallel conductance from about 1 nano-
mho-1 mho over the frequency range J~300 KHz. To svpis
the effect of sfray capacitance  a coaxial cable was
used between MOS capacitor and the bridge terminal.
The length of the cable was kept just -suftllclient 1.8
less than 30 ¢mas. Boonton-Bridge wuses three-terminals
for capacitance and conductance measurements of the
MOS samples. Two terminals are for connecting the MOS
capacitor and the third terminal is for grounding the
metal enclousre surrounding the MOS capacitor. Further

care was taken to choose the following parameters.,

1. Frequency
2. Signal Amplitude

3. Gate Bias.,

To avoid spurious conductance and capacitance
values, due to harmonics of the signal frequency, for
4ll measurements signal level of 30 mv was maintained

throughout the frequency range. The signal voltage amplitude
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FIG.4-2: BOONTON BRIDGE
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was measured and readjusted whenever the frequency was

changed. During readjustments signal amplitude was monitored

by an oscilloscope.

Gate bias voltage was measured wusing high input
impedance D.C. micro voltmeter (Philips pp 9004). Gate
bias voltage was measured across the MOS capacitor rather
than across the supply voltage as the gate bias is supplied
to the MOS capacitor through a voltage divider in the

bridge which draws current from the bias supply.

Due to the non-availability of equipments measurements
were carried out only over the frequency range of
3 KHz to 300 KHz. 1t is important to use an oxide layer
as thin as practicable to get large values of capacitance
and equivalent parallel conductance for a given NSs and to
minimize the error in extracting Ci' The MOS A.C. conductance
technique gives the most accurate results. Due to this
fact the work in this disseration is based almost entirely

on conductance method.

4.4 DETERMINATION OF THE ENERGY POSITION OF THE SURFACE
STATE BENSTITI1ES (NSS) ACROSS THE BAND GAP OF SILICON

The relation between surface potential | and the
s

applied gate voltage V was obtained with the help of
the high frequency experimental and theorerical c-V

curves for a glven oxlde thickness [83].
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The relation between the surface potential ws and the
enargy postion E of the surface _gtate density under

investigation was obtained [86] from the equation.

The energy position E under investigation is determined
both by the position of the Fermi level and by the surface
potential. Surface potential 1is varied by bias voltage,
and the Fermi level depends on the temperature. The

value of Fermi energy at room temperature is taken from

the book of Paul Richman [87].

4.5 EXPERIMENTAL RESULTS AND DISCUSSIONS

Capacitance and conductance measurements were
carried at frequencles 5 KHz, 10 KHz, 50 KHz g VO SREE
200 KHz, 300 KHz, 400 KHz and 500 KHz with the felp of
Boonton Direct capacitance bridge (Model No. I 3E 55230
Signal amplitude was maintained at about 30 mv to have
small-signal conditions. The experimental T curves
were compared with the theoretical one, C-V curves (Fig.&%.3)
showé that the accumulation, depletion and inversion
regions of the experimental curve are on the left side
(negative voltage side) of the theoretical curve. This
indicates [88, 891 that the donor types of surface states

were present in the wupper-half of the 8§i band gap in the
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fabricated MOS structures. The presence of exclusively

donor Llke surface state in the band gap will always

result in net positive change in the states. This in
mlEEs - Rl shift the C-V curves to the negative
voltage .side. Shifting or frequency dispersion of the

curves depend on both the location and the manitude

of these states in the band gap.

Figs. (4.4 to 4.7) shows the measured C-V curves
for different samples fabricated in the laboratory
having Sio.2 film thickness of the order of 300 A°,600A°
900A° and 1200A° respectively. It is observed that
C-V curves are well defined. The curves show saturation
in the inversion region mode at negative bias voltage,
then increases in value 1in the depletion mode as the
bias voltage is made less negative,and then become
saturated at the oxide capacitance value in the accumulation
mode at positive  bais voltage. Frequency dispersion
is almost negligible in sample having a film thickness
of the order of 300 A°. In the samples with oxide thickness
of the order of &00A® and 900A° frequency dispersion
is observed in the accumulation and depletion regions.
As the film thickness 1is further increased to a value
of 1200A° frequency dispersion s osbserved in the
inversion region also. The frequency dispersion effect
is most probably due to the limited capability of the

surface states to follow the K probing signals  of
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different frequencies. The anomalous frequency dispersion
may be due to the permlttivity of the bulk oxide or
the formation of a metamorphic layer near the interface
[90] which may be a lossy dielectric. An additienal
cause of the frequency dispersion could be the Maxwell-
Wanger effect il according to which the dielectric
is considered to be a combination of two layers with
different conductivities and dielectric constants,

A thin layer of high conductivity may exist between
the oxide and the semiconductcn‘(S%zThis could be a region

of incomplete oxidation and high disroder.

Negligible  hysteresis (H B Tl is observed in the

sample having a film thickness 300A° hysteresis effect
(5i02)

is observed as the film thickness A}s increased, (Fig.

BB, 8.7) .

Lol (Hlete, |0 to #4.12° measured conductance curves
(G-V) are plotted. The conductance curves for different
signal frequencies show only one peak and approaches
zero on either side. The peak magnitude of the equivalent
parallel conductance increases with increasing frequency
because of Ci in series with the interface trap R-C
network. where as the a-c capacitance ariases from variation
of the stored charge with the sinusolidal variation of
the elecirical signal, the ac conductance represents

the loss of electrical energy in the charging and discharging
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processes. In the MOS structures, the most prominent

loss process is the charing and discharging of the interface
states. At a given bias voltage, therefore this process
occurs in the states lying close to the Fermi-level and
which have time <constants smaller than or comparable to
the time period of the signal frequency. Since the position
of Fermi-lével with respect to the band edges depends
on the surface potential which changes with the bias
voltage, by sweeping the bias, different portiocne ‘of
the interface state distribution are probed. - Thus:W the
shape of the conductance versus bias voltage curve represents
the distribution of interface states and the time constants

associated with them.

Figs. 4.13 to 4.16 represents plots of Gp/w versus fre-
quency for different applied bias voltages as parameter.
As the applied voltage changes from the accumulation
to Aepletion and subsequently to inversion regions the
magnitude of the peak changes. For samples having film
thickness 900A° and 1200A° we were wunable to get peaks
within our measurement frequency range, the .lower limit

of which was 5 KHz and upper limit was 500 KHz.

Fige. 4.17 to #%.20 gives theplet of surface state
density observed from the conductance technique and its

distribution in the energy band gap. The interface state
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profile measured for the sample having a film thickness
300A° shows a broad minimum between 0.15 ev and 0.3 ev above
the valence Band edge having an interface state density
4 % 19 . states cm-2 ev_l, and an increasing concentration
towards the band edges. In other samples of film thicknesses
600A°, 900A° and 1200A° the surface state density decreases

from high values near the conduction band to low values

near midgap and a minimum low value at the valence band

edge.

Figs. 4.21 to 4.23 shows the current voltage curves
for three MOS samples with oxide thickness of the order
of 300A°, 600A° and 1200A° respectively. Keithley electrometer
model No.610C was used for measuring the leakage currents
of the samples. A heavily grounded and shielded enclosure
was used for these measurements. Resistivities of the
grown films calculated from these curves are 5.33 x 1015 ohm-cm,

2.46 x 1015 ehm-cm and 3.79 x 1013 ohm-cm respectively.

The breakdown field strength of the oxide was deduced
from the voltage required for catastrophic breakdown
of the MOS _sample. Results are shown in Fig.4.24. The
result shows that the dielectric strength of the anodically
grown SiO2 film decreases as the film thickness increases.
The dielectric constant of the film was calculated ‘for
a khown area of aluminium counter electrode from the

G4
standard parallel-plate capacitance formula, Er = ELK where
o
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Ci’ t, A and € are capacitance of grown film in  farad,
thickness of the film in meters, area of the counter
electrode in square meters and the premittivity constant
respectively. The dielectric constant of 300A° thick
grown film was found to be 4.08 at 500 KHz. As . the thickness
of the grown film increases the dielectric constant decreases,
for a grown silicon dioxide layer of thickness 1200A°
it was calcualted to be 3.08 at 500 KHz frequency. The
above noted observations shows that there is a deterioration
of the dielectric quality of the grown film with increasing
film, thickness, but the quality of the films of the order
‘of 300A° are comparable with that of thermally grown

films,



CHAPTER vV
MAS, MAOS STRUCTURES AND THEIR INTERFACIAL PROPERTIES

2.1 INTRODUCTION

In recent years Metal-Aluminium Oxide-Silicon (MAS)
and Metal-Aluminium oxide-silicon dioxide-silicon (MAOS)
structures have been the subject of extensive investigations
due to the superior bulk properties of aluminium oxide
as compared to those of silicon dioxide. Aluminium oxide
has higher dielectric constnat [%2]., higher density
[93], higher radiation resistance [94] and large impermea-
bility for Imputlty diffusion (95,96}, Further ‘it gives
a positive value of threshold voltage [27], it stops
fast diffusion alkali ions such as sodium [96,98] which

provides a passivating layer.

The results of MOS samples fabricated by anodization
technique discussed in the preceding chapter show that
the properties of anodic oxide fims of 5102 of the order
ef 30 A®* are comparable with those grown thermally.
In addition to that these films are grown at a low tempera-
ture. However the quality of these anodically grown
oxide films deteriorates as the thickness of the film
increases. One of the important basic parameters involved

in the design of field effect devices employing MOS



structures is the thickness of the oxide layer used.
It is interesting to note that the oxide thickness should
be as thin as possible. For enhancing the field effects
in MOS devices, the transconductance of a MOSFET is
an inverse function of the oxide thickness. Unfortunately
as the oxide layer becomes thinner, Leakage currents
through the oxide increases rapidly, with deterimental
effects on the space charge in the semiconductor due
to the non-equilibrium conditions. Thus the optimum
oxide thickness that can be employed in a field - effect
device depends on the physical properties of the oxide
layer. In view of improving the over all physical properties
of the oxide layer efforts were made to fabricate and
investigate the composite sutructures Al—A1203—SiOZ—Si (MAOS) .
In the MAOS structures silicon dioxide films were grown
at low temperature by anodic oxidation technique already
described in chapter 1I1I. Al—AlZOB—Si (MAS) structures were

also investigated.

Several techniques have been reported in the literature
for growing or depositing the aluminium oxide films
namely Anodization [92,94], Reactive sputtering [9%,184],
R.F.S5puttering [93,101), chemical vapor deposition (CVD)
using an aluminium halide—COZ—H2 reaction [103], RF plasma
CVD using AlC13—02 reaction [104] and RF plasma-enhanced
chemical vapour deposition (FECVRDY. [1€35]. 18" vhe present

investigations AIZO3 films were fabricated by evaporating
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high purity Al (99.999%) in partial pressure of O2
The advantage of this technique 1is that the temperature

al semiconductor gllicen wafer does not exceed more

than 400°C and does not require elaborate costly facilities.

J.2 DEPOSITION OF A1203 THIN FILMS AND FABRICATION OF
MAS STRUCTURES

The silicon wafers were cleaned as per procedure
given In section 3.3. The cleaned silicon wafers were
placed inside the Zig fitted above the source inside
the bell-jar. Aluminium of purity 99.999% in thé form
of small wire (U's) were placed over the aluminium coated
tungsten filament fitted between the electrodes. In
the. begining the shutter was placed over the source
of evaporation. The whole system inside the beli—jar
was evacuated with the help of rotary and the diffusion
pumps to a pressure lower than 2x10_6 tarr., Bell’ {ar was theén
outgassed by heating all the accessories in the chamber
using a radiant heater placed at the top inside the
bBell~jar. However the temperature was raised slowly
watching the pressure in the bell jar. Whenever the
pressure crossed 2x10_4 torr the radiant heating was stopped
and the chamber was allowed to cool down. This <cycle
of heating and cooling was continued until a stabjilised
pressure is achieved. Finally the source was degassed
By raising its temperature slowly to 500°C and then

allowing it to cool down, till the pressure 1is reached
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again to a value lower than 2x10—6 bGeE ¢ XE Was carefully

noted that the shutter should cover the silicon substrate
holder entirely from the €xposure to the source during
Source degassing, otherwise some of the impurities coming
out of the source may be deposited on the silicon substrate
during this period. Now oxygen was leaked into the chamber
through a needle valve. The flow meter and the gas leak
valves were adjusted such that the pressure inside the
chamber was in the range of 10_3 torr. The tungsten filament
was brought to 3 high temperature by passing afil elecfris
current through i The substrate temperature during
the deposition of the film was adjusted at 30Q°C and
measured wusing a thermocouple touching the jrug holding
the silicon substrate. Now the shutter was opened . and
the oxidized aluminium was allowed to deposit on the
silicon substrate. Deposition rate of aluminium oxide
was adjusted as low as possible ranging from 10 to 15 A°/min
using a quartz crystal thickness monitor. After depositing
the desired thickness of the film the samples were annealed
for - 30 minutes in an oxygen ambient jinside the vacuum

coating unit at a temperature of 400°C.

A set of gluminilun dots of area 3.3x10-3 cmz and ‘thick-
ness about 2000 A° were deposited onto the oxide surface,
Ohmic contacts were fabricatad at the hackside of the

wafers as described in Sub-section F:d.%
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5.2.1 STANDARDISATION OF DEPOSITION PARAMETERS OF AIZO3

The main evaporation parameters adjusted during

the deposition of A1203 films are:

(i) The partial pressure of oxygen
(ii) Source to substrate distance
(iii) The rate of deposition of A1203 film

(iv) The substrate temperature.

The oxygen pressure inside the chamber was maintained
at 10_3 totr. as repotrted by Nazar et.al. [106]), and Nisha
Sarwade [107]). The source to substrate distance was
kept 17 cm as reported by Nisha Sarwade [107]. For optimising
the third and fourth parameters the AIZO3 films of the thick-
ness 500 A° were deposited on six n-type epitaxial silicon
spbstrates at three-different substrate temperatures
k. B 100°C, 200°C and 300°C at two deposition rates
i.e. 10 A°/min and 25 A°/min. The dielectric breakdown
was determined for all the six samples thus fabricated
under different conditions. Fig.5.1 shows the variation
of the breakdown voltage against the substrate temperature
for two deposition rates of A1203 tilm of a thickness of

00 A®. Highest dielectric strengen’: Is5" ehézlqed fer

the film deposited at 300°C substrate temperature and

10 A°/min deposition rate.
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2.2.2 THE ANNEALING OF MAS SAMPLES

It is reported by several research workers that
the dielectric and interfacial properties of MIS structures
improves by annealing the fabricated MIS structures
in suitable ambient. In our experimental arrangement
AlZO3 films were deposited by reactive evaporation of
aluminium in the presence of oxygen. During this process
it is possible that some of the Al atoms are unable
to react with oxygen and are deposited as such making
the deposited AlZO3 film, they were annealed in an oxygen
ambient. The annealing of the samples were carried éunt
for 30 minutes in the oxygen ambient. Fjive different
samples were annealed at Five different temperatures
bees L1OGRC, 200°C, 2380°C, 400°C and 500%C. Bear estimating
the quality of annealed films the C-V curves were plotted
with the help of automatic C-V plotter developed in
the laboratory (described in APPENDIX A). EEgL 202 miogs
C-V curves at 500 KHz for MAS samples annealed in O2
atmosphere at different temperatures. Figs -Fodia), EEOws
the C-V behavior of an unannealed sample. A large hysteresis
is present in the sample. In the samples annealed at
L ZH ST 300°C and 400°C e hysteresis effect
is gradually reduced ressipes il ey The E-¥ curve ot
the sample annealed at 500°C get distorted. Hence it

was concluded that the effectiveness of a post-deposition
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02 treatment in eliminating the hysteresis increases
as the annealing temperature is increased wupto 400°C.
The dimimished Nysteresis obtained in the annealed samples
in O2 at 400°C suggests that this effect is associated
with incomplete oxidation of the Al, Anothsr possiblilicy
ls that the O2 treatment modifies the defect structure
of the Si—AlZO3 interface. Such a process could also
e & moedification of  the dafect siructure of the residual

SiOZ( 30A°) on the silicon surface.

5.3 ELECTRICAL AND INTERFACIAL PROPERTIES OF AI-AIZO3—Si
(MAS) STRUCTURES

MAS samples were fabricated on n=typa  epltaxiEa]l
silicon wafers of <}ll} ofiientatlon ‘and H5=3 ohm-cm resisti-
vity at partial pressure of oxygen in the range of 10‘} torr,

substrate temperature 300°C, deposition rate |0 A°/min

and annealed in oxygen ambient at 400°C as described

ifl Section 5.2 .

Capacitance voltage (C-V) and conductance—volrage
(G-V) characteristics of the fabricated MAS samples
Were measured at frequencies 500 KHz, 400 KHz, 3806 KHz
200 KHz, 100 KHz, 50  KHz and 5 KH=z by Boonton Bridge.
The measured C-V and G-V characteristics are plotted
in Fig. Foh amd 5.5 respectively, From the analysis

of these measurements dielectric comstant and interface
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: ~2 =1 !
State density (states cm “. av ) were determined. Interace

properties were studied by MOS conductance method. Dielectric

strength was determined from dielectric breakdown

measurements.

With the aim of comparing the experimental results
with the ideal C-V curves an experimental C-V curve
obtained at 500 KHz is plotted along with the theoretically

calculated [61] C-V curve in g e 2 1

By comparing the theoretical and experimental

curves the following observations are made.

(i) The experimental C-V curve is shifted to the

right showing a. - positive fime band voltage

of about 0.3 volts.

§iL) The slope of the experimental curve is lower

than that of the theoretical curve.

(iii) The minimum capacitance Cmin of the sample
at the steady state condition (i.e. with the

inversion layer formed) |is higher than expected

from the theoretical Cmin.

(iv) The accumulation layer Capacitance does not
seem tobe reached even with a field strength

5
of 6x10°V/cm. The capacitance in this region
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continues to rise with the applied bias voltage,

The results of the capacitance and conductance
measurements on MAS samples are given in Filgg, 5.4 and
iyl e frequency dispersion of the measure capacitance
in the accumulation region shows that there are capacitance
contributions from interface states even at measuring
frequencies around J00  KHz. In the inversion region
however it can be seen that there is no frequency dispersion.
The observed hystersis effect in C-¥ curve ‘is clockwise

which is characteristic of electron trapping.

The Gp/w versus frequency curves are shown in Fig.5.6.
The curves shows a distinct peak which shifts to higher

frequencies as the surface potential approaches to

accumulation.

Fig. 5.7 shows the distribution of surface state
density in the energy band gap calculated by conductance
method, at the middle of the gap the surface State density

; J:L =2 ;
1s about 4x!0 states cm ev ~, while at the conduction

band edge there s & steep increase of surface State

dengity in the range of 2x1013 states Cm_2 ev_l.

The dielectric constnat of the films were determined
as explained in Section 4.3, The value of dielectric

constant varies between Teantd &,
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5.4 THE FABRICATION AND CHARACTERIZATION OF AI—A1203—SiOZ—Si
(MAOS) STRUCTURES

MAOS samples were fabricated on n-type <?1C> orienta-
tion epitaxial silicon wafers having resisfivify 6-8 ohm-cm.
Firat SiO2 film of 300 A° was grown on the epitaxial
wafer by anodic oxidation technique as described in
Section 3.5. Oxidised wafers were annealed in H2 at a
temperature of 500°C ftor 30 min., A film AlZO3 of thickness
300 A° was deposited over the silicon dioxide layer
as described in Section 5.2. Now the fabricated MAOS
samples were annealed in O2 atmosphere at a temperature of
400°C for 30 minutes. Ohmic contacts were made af the
back side of the samples as described in Sub-Section
3.5.¢. A set of aluminium dots of area 3.3x10 - cm2 and thick-
ness about 2000 A were evaporated on the composite

oxide surface.

On the fabricated MAOS samples capacitance-voltage
(C-V) and conductance voltage (G-V) measurements were
made at frequencies 500 KHz, 400 KHZ? 300 KHz, 200 KKz,
106 KHz, 50 KHz, and 35 KH=z by Boonton-Bridge. Flge {00
3 75 shows measured C-V and G-V curves, The measured
C-V curves shows that the frequency dispersion in accumula-

tion and depletion region 1is decreased as compared: “f®

the MAS samples.
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Fig. 5.10 shows experimental and theoretical C-¥
curve at 300 KHz. By comparing the theoretical and experi-

mental curves the following observations are made.

(i) The experimental curve fis shifted to the left

showing a negative flat band voltage of about

=0 3divbil g

(ii) The slope of the curve is higher than that

of the theoretical curve.

(iii) The minimum capacitance Cmin of the sample
at the steady state condition (i.e. with the

inversion layer formed) is lower than expected

from the theoretical Cmin.

(iv) The accumulation layer capacitance is achieved

at a field strength of about 6.6x108 V/cm,

The Gp/w versus frequency curves are shown in
s T T AL S Fig. 5.12 shows the distribution of surface
State density calculated in  the energy band gap. At
the middle of the gap the surface state density is about
l.l&xlo11 states cm-2 ev_l. The double insulator strycture
did not show any hysteresis effect, The dielectric constant
of the composite Structure is calculated [« N o PR, <y (1)]418
The dielectric breakdown field strength measured is

about 2x107V/cm.
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Experimental results shows that AlZO3 film deposited
by Vacuum evaporation method is wuseful for use as gate
imsulator in MOS devices, either alone or as an auxiliary
dielectric with SiOZ. In the reactive evaporation process
the substrate is maintained at a low temperature. In
the MAOS structure A1203 may be used in MOS devices
to increase: the -eflective dislectric constany of The

insulator while maintaining the properties of the silicon/

silicon-dioxide interface.



CHAPTER VI

FABRICATION AND PERFORMANCE CHARACTERISTICS OF HUMIDITY

SENSLTIVE SiO2 INSULATING FILMS

6.1 INTRODUCTION

In recent years there has been increasing interest
in the development of humidity sensors which could be applied
to automatic <control systems, in industrial scientific
and commercial applications as well as in engineering
research. In many industries the success of the manufacturing
process depends on the control and maintenance of a constant
humidity. Therefore there is a need of a reliable, rugged
and cheap humidity sensor which could be integrated with
the circuits. Several authors have reported the fabrication
and performance characteristics of humidity sensors based

on MIS structures using porous insulating films as dielectric

[ K68 ta<hLE])-

During the C-V measurments on fabricated anodic
MOS samples it was observed that some samples which were
anodized at higher current densities @1 .8 more than
20 mA/em?) io an 0.04N KNO3 Ethylene Glocyol baths which were
not freshly prepared were found to be humidity sensitive,
their C~V characteristics changed markedly during rainy
session when the atmospheric humidity was high in comparison

to the C-V measurements conducted on the same samples
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during the summer when the humidity was low. On the basis
of these observations it was concluded that as the Ethylene
Glycol is hygroscopic and since the anodization was not
carried out i a freshly prepared electrolyra it has
absorbed higher percentage of water and at a higher current
density anodization, silicon-dioxide film grown has become
porous. Of-course such results were not observed in the
samples which were fabricated at low current density
and in a freshly prepared bath. On further literature
survey it was observed that films grown by anodic oxidation
of “sitleon [T14] dn an aqueous electrolytes have a high
densify of pores, where as those produced in a non-aqueous
electrolyte were reported to be very dense. Further Schmidt
and Owen ef. al. [115) reported that Anodic-Oxide films (SiOZ)
grown at higher temperétures [65°C] becomes porous. On
the basis of the observations noted abosve it was thought
to grow porous films on silicon by anodic oxidation technique
at higher current density in an aqueous electrolyte bath
at higher temperature and to use these porous films for

the fabrication of humidity sensors.
6.2 HUMIDITY SENSITIVE MOS CAPACITOR STRUCTURE

The device as shown Schematically in Flg. €.I is s MilS

capacitor with a hygroscopic dielectric (i.e. the dielectric

absorbs water from the air). The amount of water absorbed

depends on the humidity of the air. The high dielectric
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constant of water means that this adsorption process
will result im a capacitive change in the device. The
capacitive change 1is hence, a measure of the surrounding
humidity of the ambient. The top layer of the capacitor

is thin and porous and allows free movement of the water

vapour,
6.3 SENSOR FABRICATION

The MOS capacitor proposed as humidity sensor was
tabricated on 6-8 ohm-cm. n-type epitaxial silicon wafer,
The silicon wafer was cut into the chips of size | cm x lem.
The chips were ultrasonically degreased in trichloro-
ethylene and rinsed fn acetone. An anodization bath was
prepared in Ethylene Glycol with 0.04N KNOB. A 2% water by
volume 1is added to the electrolyte. The anodization set=up
is same as described in Section 3.5. The temperature
of Electrolyte was kept above the room temperature (Max.
was 50°C) during the anodization. The current was fieet
adjusted to 30 mA/cm? by means of the variable sSeries
resistance at the 250 wvolts set on the power supply.
Inltially the anocdlzation was carrled out at a constamt
current density of 30 mA/cm? by continuously reducing

the series resistance from maximum to Zerlo and the protess

was then allowed te continue at constant voltage wuntijl
the anodization currnet density decreases to an ultimate

minimum limit at which point the anodization was switched
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off. The sample holder was taken out from the electrolytic
cell and was dipped in Ethylene Glycol for few minutes,
and then anodized wafer was removed form the sample holder
by dissolving Apiezon A X in‘frichloroefhylene and finally
washed with acetone. An ohmic contact was made at the
otherside of the chip. The porous top gold film was deposited
through a very fine stainless steel gauze and a metallic
mask to define a gate area of 0.785 sq. milimeter on
the dielectric film. The contacts to the gate and back
side were made by connecting very fine copper wires with

the silver paint.
6.4 EXPERIMENTAL RESULTS

The capacitance of the sensor was measured as a
function of relative humidity on a vector impedance meter.
The arrangements used for the measurement of capacitance
versus Relative humidity is shown in Fig.6.2, Nitrogen
gas was bubbled through water. The flow of the gas was
controlled by a needle valve. After that the gas was
passed through a copper coil to trap any water coming
wlth the "gas. The molsture laden gas then passed in a
glass tube containing the sensor, and the outlet from
this tube was connected to another sealed glass chamber
containing the hygrometer. The entire system was made
alr-tight. The relative humidity in this system could

be increased from 40 percent RH to 90 percent RH by adjustment
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of gas flow rate and time of tlow. Fig. 6.3 shows ‘the

typical dependence of capacitance on humidity.

The humidity sensitive characteristics of the MOS
structure fabricated by the anodic oxidation of silicon
may De used: for the fabricatiagn of IC humidity sensors.
Silicon is still a dominant material for manufacture
of integrated circuits, hence this type of sensors can
be fabricated on silicon IC chip as an  integral part
of the circuit simultaneously with all the other components

of the chip preferably using the same processing steps

and masks.



CHAPTER: V1]

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

7.1 INTRODUCTION

The Solid State Electroniec Device revolution oif
the past 20 years has been dominated by devices made
from the elemental semiconductor silicon. The complexity
of silicon devices during this period has increased from
single transistor to thousands of devices on a single
chip. With continuous increase in operational functions
a new revolution is taking place im the form Gy VLS
and VVLSI where system or sub-systems are placed on a
chip. The growth or deposition of insulating films over
silicon is necessary during the entire process of fabrication
of modern integrated circuits. With the increase in number
of components on a chip it was realized that insulating
films grown by thermal oxidation are nat very suitable
far such high density chibs because the high temperature
process creates some adverse side effects. To overcome
these problems research workers begin to look for some
low temperature technique to grow the insulating films
on the silicon. In recent years high quality insulating
thin §olid films has been grown over GaAs wafers by Anodic
oxidation technique EETVET TR SR 4 noting the encouraging
results of anodic oxide films on the GaAs, efforts have

been made to grow dense oxide film on silicon wafers
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using improved anodic oxidation technique and stringent
cleaning procedure. The characteristics of the grown

tilms were studied in detail by forming MOS structures.

During investigations it was observed that insulating
11Lme. of SiO2 grown under certain anodization conditions

becomes porous. Such films may be used to fabricate humidity

SeNsors.

MAS and MAOS structures were also investigated
and their characteristies were studied in detail. The
present chapter summarizes the work carried out and the

conclusions drawn. The scope. of future work has also

been outlined.

7.2  SUMMARY AND CONCLUSIONS

n-type, <}lf> orientation silicon wafers of resistivity
6-8 ohm-cm were used for investigations. A stringent
cleaning procedure based " on hydrogen-peroxide solutions
was used to minimize the contamination of the samples
as the stability and reproducibility of device characteristics
depends on cleaning procedure used. The dlectralyele
bath used for anodization was optimized to be a freshly
prepared 0.04N KNO3 solution in Ethylene-Glycol. The
anodization was carried out at a constant current density
to a predetermined formation voltage and then followed

by a constant voltage mode until the current decayed
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to an wultimate minimum limit. The constant current density
was optimised to be 5 mA/cm?, further it was observed
that the oxidised samples annealed at 500°C for 30 minutes
in an hydrogen ambient gives the best results. Ohmic contacts
were made at the back of anodized samples by allowing
aluminium film at eutectic temperature (577°C). V-1 charke-
teristics of the ohmic contacts were measured which was
found to be linear for both the forward and reverse bias
voltages, contact resistance of the ohmic contact was
measured to be 4.905 ohms. The MOS capacitors were formed
by the vacuum deposition of aluminium through a metal
mask. The field plate area was typically 3.3x10"3 cmz. Capaci-
tance and conductance measurements were carried over 4§
frequency range of 5 KHz to 500 KHz with the help of Boonton
bridge. Signal amplitude was maintained at about 30 mV to
have small signal «conditions. Surface state density and
its distribution in the eénergy band gap was calculated
by the conductance technique. The breakdown field strengthy
of the oxide was deduced from the voltage required for
castastrophic breakdown of the MOS sample. The dielectric
constant of the film was calculated for a known area of
aluminium electrode using standard parallel plate capacitance
formula. I-V curves were measured with the help of Kiethley
Electrometer in a heavily grounded and shielded enclosure,
From the 1-V curves the resistivity of ihe grown films

were . calcol ated.
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The experimental results reveal that the anodically
grown films of the order of 300 A° are dense and stable.
The frequenecy dispersion and the hysteresis effects in
C=V ‘curves are negligible. The dielectric breakdown strength
is 1.2x107 V/em, the calculated value of dielectric constant
is 4.08, and the resistivity of the dielectric layer is
of the order of 5.33x1015 ohm-cm. The minimum value of inter-
face state density defermined by conductance method is
4)(10ll states ém_z ev_l.

The reporied [119,120] values of dielectric breakdown
strength of a carefully grown silicon dioxide film by
thermal oxidation varies from 6x106 to 107 voltiem, resistivity

varies from 1015 to 1017 ohm-cm, and surface state density

near midgap is 1010 states cm_2 ev_l. The comparison shows that
the dielectric ©properties of anodically grown films of
the order of 300 A° are comparable te that of thermally
grown films. The surface state density of fabricated samples
are, on the higher side, the vlaie may be reduced further

by improving the clean room tacilities and by using chemicals

of semiconductor grade purity.

Ihe anodic oxidation - for the growth of the Films
of thickness of the order of 300 A® has following distinct

advantages over the thermal oxidation process:

(i) Growth of the oxide take place at room temperature

and therefore the Si/SiO2 interface is not subjected
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10 any thermal stress as I[b the casae of thermal

oxidation process.

(ii) Maximum temperature used during the sample fabrica-
tien 1is 500°C hence there are less chances aof
producing the stacking faults and shifting of
shallow diffusion junctions previously formed

in the chips.

(iii) The thickness of the oxide layer can be controlled

easily by adjusting the forming voltage.

With the scaling down of device dimensions the wuse
of thin, oxide films of the order of 100 A° having high
dielectric breakdown strength and resistivity are finding

importance in VLSI and MOS technology.

The quality of the anodically grown films deteriorates
as the thickness of the grown films increases above 600 A°.
The deterioration of the dielectric properties in the
anodically grown films may be due to heat produced by
high constant current density at higher forming voltages
applied across the anode and cathode in the slecirolats,
Since the growth rate of anodically grown silicon dioxide
films is of the arder of & A°/V, therefore to grow a SiO2 film
el ‘the order of 1200 A®* a forming voltage of 200 V 1is

desired hence more heat will be produced in the electrolyte
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bath causing deterioration to the grown film.

On further investigations it was observed that the
anodization of silicon at higher current density of the
order of 30 mA/cm? in an electrolytic bath of 0.04 N KNO3 in
Ethylene-Glycol with 2% of water by volume at elevated
temperatures results in poraus f1ilms whosel characteristics
varies with the humidity eof the surrounding environment.
The capacitance of the MOS structure using porous films
of SiO2 was measured as a function of relative humidity.
Results show that the since capacitance-humidity characteris-
tic: is ‘practically liner. Hence SiO2 films can be used to
realise humidity Fensars . The proposed sensors may = be
suitable to fapricate 1.C! Sensors as it can be fabricated

on silicon I.C. chips as an integral part eof the circult.

Silicon dioxide films are unable to provide positive
flat-band voltage values relative to glllican, further
the films are also radiation sensitive. The dielectric
constant of Sio

2 is also relatively low. To overcome these

shortcoming AlZO3 films have been used by several workers.

As the aim was to grow or deposit the insulating
films at low temperatures, it was opted tfto deposit the
A1203 films aon silicom by reactlive gevaperattgr  which is

essentially a low temperature technique. Characteristics

of MAS and MAOS structures were studied in detail.
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For the fabrication of MAS structures Al is evaporated
in a vacuum coating unit under partial pressure of oxygen.
During evaporation the partial pressure of oxygen was
maintained in the range of 10—3 torr. The deposition rate of
A1203 was optimised to be 10 A°/min, and the films were
deposited on the substarte kept at 300°C.  Tha faBricited
MAS samples were annealed in the atmosphere of oxygen
at a temperature of 400°C. The ohmic contacts were made
at the back of the samples and Al electrodes were deposited
cnte the oxide surface. C-V and G-V characteristics of
the fabricated MAS samples were measured in the frequency
range of 5 KHz to 500 KHz. The dielectric constant, dielectric
strength and interface state density were detrermined.
Experimental results reveals that the C-V curves are shifted
to “the right side in comparison to ideal curve showing
& positive flat band voltage of about 0.3 volts. Measured
C-V curves show a frequency dispersion in the accumulation
region,. and the pletted C-Y curves shows a hysteris effect
in the clockwise direction which indicate electron trapping.

The  hysteresis effects are diminished by post deposition

annealing in O,. The dielectric constant of the films

lies in the range of 7.5 to 8, At the middle of the gap

the surface state density is about 4x1011 states Cm_2 ev-l.
MAOS samples were fabricated tirst by growing 5100 Fild

of thickness of +the order of J00 A" by anodic oxidatien

technique on n-type epitaxial silicon waflers. Oxidised
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wafers were annealed in H2 atmosphere at a temperature of

500°C for 30 min. A film of AIZO3 of thickness of the order
of 300 A°was deposited by reactive evaporation of Aluminium
over the silicon dioxide layer. The fabricated MAOS samples
were annealed in 02 atmosphere at a temperature of 400°C
for 30 minutes. Ohimic contacts were made at the back
sidg of the samples and aluminium dots of area 3.3x10_3 cm2 were
evaporated on the composite oxide surface. C-V and GC=¥
measurements were carried out at frequencies in the range
of 5 KHz to 500 KHz. The experimental results show that
for MAOS structure C-V curves are having negafrive flat
band voltage. A negligible frequency dispersion. The structure
did not show any hysteresis effect. The dielectrie constant
of the composite structure is of the Hrder of $.0. ‘Kt
the middle of the gap the surface state density is about
1.4x1011 states cm_2 ev_l. It is concluded that MAOS 8:LEUC FUEES
may beused in MOS devices to increase the effective dielectric

constant of the insulator while maintaining the properties

of the silicon-silicon dioxide interface.
7.3 SUGGESTIONS FOR FUTURE WORK

Rao et al. [1ZL] ‘has investigated the properties
of Al—A1203—A1 capacitors formed by the anodization of
glominium films at 0°C and compared their properties with
the capacitors formed at room temp. and feported that

an improved dielectric tormajtion resulted from anodization
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Ak - ONC Similar results were also observed in case of
growth of native oxides on GaAs by anodic oxidation techniques
at low temperatures (below room temperatures) [122 %o
124]. These observations suggests that if the anodic oxidation
of silicon may be performed in electrolytes at temperatures
preferably below 0°C more encouraging results may be achieved,
the dielectric films grown may have higher dielectric
strength and resistivity and more thicker films may be
grown without deterioration of their electrical and interfacial

properties.



APPENDIX

AUTOMATIC C-V PLOTTER AND MICROMANIPULATQR PROBE STATION

A.l INTRODUCTION

C-V characteristics of MOS structures play an important

role in the study of the hystersis elfects and the interfacial

Properties of the devices. Point to point measurements
are very laborious and time consuming. Therefore for the
automatic and rapid plotting of C-Vv characrerisric, a

System was developed and fabricated [125].

In 975 K.E.Forward et. al [126] reported an automatic
C-V plotter which employes a noval current sensing circuit,
The system was highly sensitive ang enabled the capacitive
component to be distinguished from the conductive component,
A current sensing circuit similar to Farward er, b, ‘is
used to plot the incremental capacitance as a function
of bias Voltage. IC LM139& 1x used. as a phase sensitive
detectar top detect the inphase component of the applied

voltage which is proportional to the capacitijve current

flwoing through MOS sample. A linear ramp-generator is
used to apply the variable bias. [In addition to phase-
sensitive detector and the ramp-generator, g laboratory

standard signal generator and X-Y recorder vere. alss uwsad,
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A schematic block diagram of the complete system
18 ‘ehrown in fig. A-l. The system comprises of an input
Gliretis, low frequency and high frequency amplifiers,
variable ramp-generator, phase-sensitive detector, output
amplifier, sinusoidal signal generator and X-Y recorder.
The details of each one of these units except the signal
generator and the X-¥Y' recorder which .ware available in

the laboratory have been described here.

A.2 CURRENT SAMPLING CIRCUIT

The basic principle used here is that a sinusoidal
signal V(w) 1is applied. 1o the capacitor € upder test in
series wich a standard capacitor CS of the value much
larger than C, as shown in Flg. &.2., Ths voltage across

the standard capacitor e %— e would be in phase with
s

¥ If € and CS are purely capacitive. A resistance Rs of very
high value is connected across Cs to provide the required d.c.
bias voltage across the capacitor wunder tesi. To opbtain
accurate results, the values of RS and CS are shown such that
1
>> He  roe. e t
CS &8 Rs 'wCS and R Rdc where RdC represents the

leakage resistance of the sample under test.

A.3 AMPLIFIERS

The output voltage from the turrrent sampling capacitor

being small is required to be amptified. The C-¥ plotter
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has been designed to operate from 100 Hz to | MHz. Two
amplifier circuits have been designed and fabricated to
cover the entire frequency range. One to amplify low frequen-
cies in the range of 100 Hz to 100 KHz and another to
amplify high frequency from 100 KHz te 1 MHz. The low
frequency amplifier jis a 3 stage R-C coupled transistorised
amplifier with a FET at input stage to obtain high input
impedance. For amplifying high frequencies two stages of
IC differential video amplifier LM 733C is used. The gain
of first stage was adjusted to 40 dBs and the second stage
20 dBs. High frequency amplifier is assembled on a glass
EPOXY printed circuit board, to obtain good ceswlts . Y i3

reduce nolse pickup clirecuit was properly grounded and

shielded.

A.4 VARIABLE RAMP GENERATOR

A R-C circuit has beenused as an integrator to integrate
a step-input. Three resistances of (IM ohm, 20M oam, 50M ohm)
.have been employed to provide different éweep Falest §n
the integrator. A switch S1 is used to select pne of the
required resistances., To obtain a patticular value of
the voltage fsr 4 given time, a switch 52_ W3S Grevided .
During the hold position the dual junction FET 25KIS§ provides

& low driftv vate to the integrator. The complese cirewit

is shown in | iy O
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A.5 PHASE-SENSITIVE DETECTOR

The phase sensitive detector compares the amplified
information signal % (the current strength threugh <hea
MOS sample) against the reference signal v and produces
a d.c. output signal which is proportional to the capacitive
current flowing throgh the MOS capacitor under test. IC LM1496
is used as a phase sensitive detector which operate upto
100 MHz. The output signal 1is fed as one input to the
X-Y recorder, (Philips PM B8120). The d.c. bias Bacross
the MOS sample was fed to second input to X-Y recorder.
For fast sweep rates an X-Y oscilloscope may also be used
for displaying the C-V curves. The «circuit of the phase

sensitive detector is shown in Eiigs AL,

A.6 SAMPLE HOLDER AND PROBE STATION

The C-V, G-V, and I-V measurements of MOS structures
are desirable to be made immediately after their fabrication
at room temperature and in air. For this purpose a special
sample holder, shown in Figs. A.5, A.6 was developed and
tabricated in the laboratory. Two terminals of the capacitor
are the gate electrode and the back ohmic contact, The
grounded metal enclosure around the MOS capacitor provides

the effective shielding * and works as the third terminal

for the measurement.
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FIG. A-6 :MICROMANIPULATOR PROBE STATION WITH X-Y RECORDER



FIG. A-5: MICROMANIPULATOR PROBE STATION
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A.6.1 PROBE BOX

The probe box was designed to meet the following

three requirements.

(i) To rmake three-terminal capacitance measurement,
the probe box must be made of metal maintained

at ground potential.

(ii) The metal box must be Light proof.

(iii) The ambient in the metalbox must be dry to avoid
leakage currents flowing along the oxide surface
between the gate electrode and the back contact

of the MOS sample.

The metal enclosure was fabricated of aluminium

sheet and was connected to a specially prepared earth

point.,

A wire ©probe mounted on the micromanipulator and
insulated from the ground is wused to contact the gate
of an individual MOS capacitor on a fabricated sample,
To avoid high contact resistance to aluminium gates a
gotd wire 5 to 10 mils in diameter of about one inche
length s ﬁsed. The gold wire s mounted horizontally
and having a bend of 15-20° angle to the horizontal to

provide the pressure to the contact. Mechanical arrangement
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were made to move the probe wire in three mutually perpendi-
cular directions, labeled X,Y,Z making it easy to position

the probe wire on a small gate or contact pad area.

A.6,2 PEDESTAL

To make good electrical contact to the wafer a
gold plated brass plate or pedestal is wused. The pedestal
is designed making three-dimensional capacitance measurements.
To ensure a good electrical contact the pedestal is gold
plated to avoid oxide layers. To hold the wafer tightly
against the pedestal, Pedestal was connected to vacuum
pump to hold the wafer through a small hole. To make three-
terminal capacitance measurements and to isolate the pedestal

from the ground, it is supported in the probe station

on TEFLON base.

All the connections were made through BNC connectors

by 50 ohms coaxial cable.
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