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Vacuum evaporated dielectrics for use in MOS struc-

tures were studied in this research project. Dielectric

films were deposited on substrates by electron bombardment

evaporation of sapphire and quartz source materials.

These deposited films were studied using infrared spectro-

scopy, index of refraction, density, and dielectric con-

stant measurements. Etching tests were also conducted on

the dielectric films. Annealing these films was also

tried. From the results of these tests, it was concluded

that suitable aluminum oxide and silicon dioxide films can

be obtained by e-Gun evaporation. The best results were

obtained for slowly evaporated films on substrates heated

above 200° C. Better films were obtained after annealing

for ten minutes at 1100°C in dry nitrogen.

The diffusion masking properties of the e-Gun evap-

orated silicon dioxide and aluminum oxide films were



studied. The evaporated films were tested for the masking

of phosphorus and boron diffusion into silicon, of gallium

and indium diffusion into germanium, and of zinc diffusion

into gallium arsenide. From the results of these tests,

it was concluded that both of these e-Gun evaporated films

will effectively mask the diffusion of all the above men-

tioned impurities. The aluminum oxide films were better

diffusion masks because they were more impervious to the

diffusion of impurities. It required significantly

thinner films of aluminum oxide to effectively mask the

diffusion of all the impurities studied.

The e-Gun evaporated films were used to fabricate

MOS capacitors. Both aluminum oxide and silicon dioxide

films produced good capacitors. The threshold voltages

and surface-state densities of the capacitors were studied.

Aluminum oxide films produced MOS capacitors which were

relatively stable under bias-temperature tests.

The e-Gun evaporated films were used in the fabri-

cation of MOS transistors. The electrical properties of

these transistors were studied using I-V characteristics.

Both dielectrics produced good MOS transistors. Aluminum

oxide films produced transistors with transconductances

which were twice as large as the transconductances of the

transistors with silicon dioxide films of the same



thickness. The aluminum oxide films produced transistors

which were relatively stable under bias-temperature tests,

a possible reason for this being that impurity ions are

less mobile in it than in silicon dioxide.
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VACUUM EVAPORATED DIELECTRICS IN MOS STRUCTURES

I. INTRODUCTION

One area of the semiconductor industry which has re-

ceived much attention especially
during the last five years

is the field of semiconductor surface physics. Of parti-

cular importance have been the development and improvement

of the MIS (metal-insulator-semiconductor)
transistor and

other associated MIS structures such as varactor diodes

and capacitors. An extensive bibliography of metal-

insulator-semiconductor
studies has been published by

E. S. Schlegel (37). This bibliography is very complete

and covers almost all articles that have been published

on this subject up to August 1, 1967.

MIS Dielectrics

Various dielectric materials have been used in the

fabrication of these MIS structures. The most commonly

used dielectric is thermally-grown
silicon dioxide. The

reasons for this are that silicon dioxide is most easily

adapted to silicon device fabrication, is used as a dif-

fusion mask in the diffusion of impurities to form p-n

junctions, and is used also as a passivation layer.

Surface structures which use silicon dioxide as the

dielectric material are usually termed MOS (metal-oxide-

semiconductor) structures. Over the past five years, an
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extensive amount of research has been devoted to the MOS

system using silicon dioxide. MOS structures have also

been widely used to study and build a foundation for the

area of semiconductor surface physics.

Other dielectrics which have been studied for use in

MIS structures are silicon nitride and silicon monoxide.

Silicon nitride has been widely studied as a possible

insulating material in MIS structures
because it is more

resistant to radiation and because sodium ions are less

mobile in it than in silicon dioxide. Silicon nitride has

been prepared by various methods including pyrolytic re-

actions, reactive
sputtering, and RF sputtering. Silicon

monoxide has been used very little for MIS structures

because it has properties which are not as good as silicon

dioxide or silicon nitride. Silicon monoxide is usually

prepared by vacuum evaporation; and its properties depend

greatly upon the evaporation procedure and conditions.

A list of the various published articles on silicon nitride

and silicon monoxide are given on pages 736-37 of Schlegel's

bibliography (37).

Aluminum oxide and magnesium oxide have very recently

been suggested as possible dielectric materials for semi-

conductor devices. Very few published articles have

appeared as yet on the use of these insulators in MOS

devices. Nigh et al. (34) has reported using aluminum

oxide in building sealed gate IGFET's. Cheney et al. (8)
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has reported on using an aluminum oxide-silicon dioxide

gate dielectric in discrete and integrated IGFET's.

Finally, Cohen (9) has reported using aluminum oxide and

magnesium oxide to make reliable MOS FET's. None of these

reports are given in detail pending completion of research

and further publication. Like much of recent research in

the semiconductor
industry, there is some secrecy on these

projects to protect company interests and possible patent

applications.

There are many reasons for studying new types of

insulating
materials for use in MIS devices. A detailed

discussion of insulating layers applied to field-effect

devices such as MOS transistors is given in Wallmark and

Johnson (44).

Ideally, the gate insulator in an MIS device should

have zero conductance and high breakdown voltage. This

requires that the bandgap of the insulator be as large as

possible (a good insulator). Zero conductance in a real

insulator is impossible because of vacancies, interstitial

atoms, and traps usually present in the insulator. Thus,

at field strengths of the order of 10
6 v/cm (usually re-

quired for MIS device operation), various conduction

processes set in.

For some device applications such as amplifiers and

switching
circuits, a very small gate capacitance is

needed to minimize dissipation, reduce input impedance
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and minimize storage effects in the gate circuit. This

requires a thick insulating layer and a low dielectric

constant.

On the other hand for logic circuits, a small control

voltage is desirable. This requires a thin insulating

layer and a large dielectric constant. This also gives

higher transconductance in MIS transistors.

Low or negligible mobile ion drift and good repro-

ducibility are very important for MIS devices. This is

also dependent on the insulator used. If the device

characteristics are not reproducible or stable, it usually

is not possible to use it for most circuit applications.

Resistance to radiation damage is also a desirable

feature in MIS devices that will be used in equipment for

space applications or in nuclear reactors. This character-

istic is also somewhat dependent on the insulator used.

Some insulators are more resistant to radiation damage

than others.

Threshold voltage for inversion is also important in

MIS devices. Some insulators give lower threshold voltages

than others.

For these reasons, it is very important to study the

effects of new insulators (other than thermally-grown

silicon dioxide and vacuum deposited silicon nitride) for

use in MIS structures.
It is hoped that new insulating

materials will improve these devices.
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Vacuum Deposition Methods

Vacuum deposition techniques have been used for many

years in the semiconductor industry. After diffusion,

semiconductor devices usually require the application of

thin metal films and often dielectric films. Metal films

are used as ohmic contacts to internal circuit components

as well as low resistance interconnections between com-

ponents in integrated circuits.
Dielectric films are

finding increased use in MIS devices for separating metals

and semiconductor layers. Because of the many low-tempera-

ture melting alloys and other undesirable interactions in

metal-silicon systems, processes requiring high substrate

temperatures such as pyrolytic deposition are often not

suitable for applying additional metal or dielectric films

after initial metallization. Films must be deposited by

relatively low-temperature processes. Since these methods

generally involve deposition at reduced pressures, they

are in the category of vacuum deposition. Vacuum deposi-

tion can be subdivided into two distinct methods:

1) Thermal evaporation and 2) Sputtering.

Sputtering has received considerable attention by

industry in the last few years. RF sputtering has espe-

cially proven to be very attractive. Sputtering consists

of material deposition which results from bombardment of

the source by ions in a gaseous discharge. There are a
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number of variations of sputtering which have found appli-

cation in semiconductor and thin film device fabrication.

A very comprehensive coverage of the published work using

the sputtering method is given in the recent reviews by

Maissel (32) and Campbell (7).

Thermal evaporation is a much more widely used vacuum-

deposition method. Both the theory and practice of thermal

vacuum evaporation have been covered comprehensively by

Dushman (13) and Holland (26).

Thermal evaporation
depends upon the increase in vapor

pressure of materials with increase in temperature. In

general, useful evaporation can be conducted at tempera-

tures where the evaporant vapor pressure is below 10
-2

torr. Evaporation temperatures for various materials have

been tabulated in the literature (13, 26). Some metals

such as Mg, Cd, and Zn will sublime. but most metals and

dielectrics
deposited as thin films are effectively evap-

orated only from the liquid phase. In order for an

appreciable number of the evaporating atoms or molecules

to be transported from the source to the substrate, their

mean free path must be greater than the distance between

source and substrate. This usually requires pressures

below 10
-4 torr.

In general the desired properties of a deposition

source are: 1) an ability to deposit a film of uniform

chemical composition over the substrate area; 2) a
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variable and controlled deposition rate; and 3) a repro-

ducible temperature.
Evaporation sources can be divided

into two major types: 1) those which are resistance-

heated, and 2) those heated by an electron beam.

Filament evaporation is the most widely used because

it offers simplicity and a minimum of support equipment.

Of the various resistance-heated sources, the most common

are the filament heater and the foil heater. Techniques

and procedures used in filament evaporation are covered

by Dushman (13) and Holland (26). Filament evaporation

has some disadvantages which limit its usefulness for some

applications. The maximum temperature of evaporation is

limited by the melting point of the filament. Thus, the

refractory metals and many dielectrics are difficult if

not impossible to evaporate by this method. Impurities

in the filament may contaminate the evaporant through con-

tact, or may be deposited directly on the substrate.

Filaments have limited life. The radiant heat from the

filament raises the temperature of adjacent surfaces

releasing adsorbed
material which may contaminate the

deposit.
Fluctuations in the surface area of the molten

evaporant make accurate deposition rate control difficult.

The disadvantages of filament evaporation mentioned

in the preceding paragraph can be overcome by heating only

the surface of the evaporant with an electron beam. This

is the reason that electron beam evaporation has gained
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much popularity within the past ten years.

By accelerating electrons through
potentials in the

range of three to ten kilovolts, and focusing them into a

beam, power densities of the order of several hundred kilo-

watts per square centimeter can be concentrated onto an

evaporant source material. The available power densities

are sufficient to melt refractory metals such as tungsten

and tantalum which require temperatures as high as 3,000°C.

Thus, dielectric materials with high melting temperatures

can also be easily evaporated. By water-cooling the cru-

cible, the bottom surface of the evaporant material remains

solid and acts as a crucible for the molten evaporant.

This avoids contamination of the evaporant by the crucible.

Electrons are provided by a thermionic cathode, and

are accelerated either by an anode in the electron gun or

by the work. Optically shielding this filament from the

evaporating source is desirable to avoid deposition on

the filament. Shielding is also necessary to protect the

filament from erosion by positive ions. Both are accom-

plished in the transverse electron gun (42) which bends

the beam through 180° either electrostatically or mag-

netically.

Details of electron gun designs are discussed by

Holland (26), Wales (43), and Thun and Ramsey (41). very

comprehensive
summaries of the theory and applications of

electron beam technology are given by Bakish (2, 3).
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Electron beam evaporation can be used for dielectrics

as well as metals. However, one of the general limitations

of thermal evaporation is that some compounds may dissoci-

ate at temperatures below their evaporation temperature

and, as a consequence, the component elements or some other

undesired compounds may be deposited. Furthermore, devices

sensitive to radiation may be damaged. If the substrate

holder is at anode potential (the usual case), stray elec-

trons from the electron beam as well as secondary electrons

will be accelerated into the substrate. Also, X-rays have

been detected (33) at an accelerating V of six kilovolts.

Damage from electrons can be avoided by placing the sub-

strate at cathode potential. However, there is no way to

shield from X-rays emitted from the evaporating source

without interfering with the stream of evaporated atoms.

Although electron beam evaporation may have a couple

of disadvantages
depending on the system and procedure

used, the advantages of this method are tremendous. The

combination of high vacuum and electron beam heating per-

mits the deposition of films with minimum contamination.

The simplicity of the fixturing required in the vacuum

chamber for electron beam evaporation limits the surface

area for contaminant adsorption.

Discussion of Research

This research project was concerned with vacuum
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evaporation of silicon dioxide and aluminum oxide by

electron beam evaporation for use in MOS structures. High

purity quartz was used as the evaporant source for silicon

dioxide while high purity white sapphire was used for

aluminum oxide films. Various substrates were used such

as glass, silicon, germanium, and gallium arsenide.

These insulating materials were studied for the main

purpose of improving the stability and reproducibility of

MOS devices. Another reason for studying these insulating

films is for use as masks against diffusion of impurities

in other semiconductor materials besides silicon. The

e-Gun evaporated silicon dioxide was also studied for use

as an etching mask for both silicon nitride and aluminum

oxide. Aluminum oxide was also studied for producing

higher transconductance and lower threshold voltages in

MOS transistors. Evaporated films may give better in-

sulator-semiconductor interface properties than thermally-

grown insulators.

In this investigation, the effects of input power to

the electron beam gun, the substrate temperature, the type

of substrate, and the rate of deposition were studied.

The physical, optical, and electrical properties of these

films were also investigated. Some of these properties

were adhesion, uniformity of thickness, number of pinholes,

index of refraction, dielectric constant, density, infra-

red spectra, and etching rates of various acids.
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For use with semiconductors, these films of silicon

dioxide and aluminum oxide were tested for masking ability

against diffusion of boron, phosphorus, zinc, gallium and

indium. Finally, a considerable amount of research was

done on using these films in MOS structures. MOS capaci-

tors and transistors were fabricated using electron beam

evaporated silicon dioxide and aluminum oxide for the

dielectric material. The surface-state densities were

determined using the capacitance-voltage method. The

threshold voltages for conduction and the transconduct-

ances of the transistors were measured and compared. The

shifts in the voltage characteristics of the devices after

bias-temperature tests were also studied. Various anneal-

ing procedures were tried for producing more stable

devices.

There have been several reports on electron beam

evaporated silicon dioxide and aluminum oxide. Pliskin

and Castrucci (35) have made a study of the reactivity and

bond strain of films formed by electron beam evaporation

of quartz. Lewis (29) has done research on the deposition

of alumina, silica, and magnesia films by electron bom-

bardment evaporation. Cox et al. (10) worked on films of

silicon dioxide, zirconium oxide, aluminum oxide, and

thorium oxide produced by electron bombardment for use as

multilayer coatings and mirror protection.

The only report which has appeared previously using
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electron beam evaporated silicon dioxide, aluminum oxide,

and magnesium oxide in MOS structures was a paper presented

by Cohen (9) at an American Vacuum Society Symposium in

May 1968. The details of this research were not available

pending further publication.

It is hoped that the research and conclusions pre-

sented in this report will contribute something to the

MIS field. It appears that further work in the MIS field

will probably be directed mainly toward the study of in-

sulators other than the well known, thermally-grown

SiO
2

- Si system. New insulators may be a better solution

to the problem of obtaining more stable and reliable MIS

devices which has plagued the semiconductor industry for

several years.
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II. EXPERIMENTAL APPARATUS FOR EVAPORATIONS

The Pumping System

The apparatus used to develop the vacuum for the

evaporations consisted of a 17.7 CFM Edwards Mechanical

pump as the roughing system and a Varian Titanium Sublima-

tion pump and a Varian Sputter-Ion pump for the low pres-

sure system. The vacuum chamber consisted of an 18-inch

diameter by 30-inch high Pyrex bell jar and a stainless

steel staging platform. Figure 1 illustrates the relative

locations of the various parts of the system.

An oil sealing device (located in the mechanical

pump), consisting basically of a spring-loaded washer which

seals the mechanical system, minimizes oil vapor leaks back

into the chamber. A molecular sieve, located between the

pump and the chamber, also minimizes oil vapor leaks.

The Varian Sputter-Ion system used for low-pressure

pumping has the capability of evacuating chambers to below

10
-11 torr. Since it does not contain any pump fluids or

moving parts, it is inherently clean. The pump traps or

removes gas particles through the following processes:

1. Gas ionization

2. Titanium sputtering

3. Chemical combination with titanium for active

gases

4. Ion burial for heavy noble gases
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Figure 1. Arrangement of vacuum system components.
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5. Ion burial and diffusion into cathode plates for

hydrogen and helium

The titanium sublimation pump works on the principle

that freshly deposited titanium forms stable, solid com-

pounds with the gas molecules that strike the gettering

surface. The titanium is sublimed from a special filament

through resistance heating. For the system used, the lower

portion of the staging platform served as the gettering

surface.

Pumping speed is maximum at low pressures since the

pumping speed is maximum when the entire gettering surface

is covered with fresh titanium. In this pressure range the

pumping speed is only limited by the speed at which the gas

molecules enter the pump from the chamber. At higher pres-

sures, the pumping speed is determined by the rate of

titanium deposition.

E-Gun Evaporation Source

A Varian single-crucible e-Gun Model 980-0001 with a

Varian e-Gun control unit Model 922-0020 was used for the

electron beam evaporation source. This electron beam unit

is very versatile and will evaporate almost all materials

including magnetics, dielectrics, and refractories. It

creates temperatures as high as 3500°C and has long

filament life. The e-Gun and crucible can be quickly

removed and disassembled for complete and thorough cleaning.
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The e-Gun evaporation source consists of a tungsten

filament (source of electrons), focusing magnet, and a

water-cooled crucible (target). Figure 2 shows a schematic

of the e-Gun evaporation source.

Water-cooling
connections

Water-cooled
crucible

Tungsten filament

Ceramic insulator

Focusing magnet (350 gauss)

Figure 2. E-Gun evaporation source schematic.

The focused electron beam from the tungsten filament

strikes the evaporant material placed in the center of the

water-cooled crucible. The 2,000 watt maximum power of

the beam is sufficient to evaporate refractory and dielec-

tric materials as well as the more common conductive and

semiconductor materials.

In operation the filament is optically baffled from

both the evaporant source and the substrate. This results

in a long filament life and in higher purity films.

Neither evaporant material nor ions created in the region
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of the evaporant source can strike the filament.

The body of the e-Gun source is nickel-plated OFHC

copper and is water-cooled. The crucible consists of a

spherical depression in this body, approximately 5/8-inch

in diameter by 1/8-inch deep. A practical quantity of

evaporant material (about 1/2-inch in diameter) is placed

in the crucible. During evaporation, this material will

remain essentially in the center of the crucible. Since

the crucible is water-cooled, the evaporant will not wet

the surface. The beam strikes in a spot about 1/8-inch

wide by 1/4-inch deep. Because of water-cooling, full

power can be applied even when evaporating to completion

as no damage will be done to the crucible when no evapo-

rant is present. However, the evaporation rate does drop

nonuniformly when the evaporant becomes very small.

Any material can be evaporated because the beam

acceleration is not affected by the evaporant material.

The vacuum system pressure must remain below 10 -4
torr

because at pressures above this value, a glow discharge

will occur in the vacuum chamber, defocusing the beam.

A beam adjust control unit is used to shift the

position of the electron beam impingement on the crucible.

Basically this unit is a variable transformer with which

minor changes can be made in the operating voltage of the

e-Gun source and hence in the target area. At low power

operation, the beam can be displaced up to 1/8-inch;
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while at full power operation, it can be displaced up to

1/16-inch. The beam adjust unit is mounted in the main

control panel.

The e-Gun control unit is specifically designed for

use with either the single or multiple crucible units and

features single-knob-control of evaporation. This one

knob controls beam current -- displayed on a panel meter

and maintains a constant 4,000 volt dc accelerating poten-

tial between the filament and target. The beam current is

adjustable from 0-500 milliamperes. A water-flow inter-

lock is provided to cut off power to the e-Gun source in

event of water failure or stoppage. The minimum water-

cooling requirement is 1/2 gallon per minute.

Substrate Holder and Substrate Heater

An Allen-Jones six position microcircuit module car-

rousel Model C-9401 was used to hold the substrates in

place for evaporation. This allowed the possibility of

coating up to six substrates with each pumpdown of the

vacuum system. The substrate holders consisted of

2" x 2" stainless steel plates with aluminum coated spring

clips to hold the substrates in place. The Allen-Jones

carrousel is fabricated mainly from stainless steel to

decrease outgassing during pumpdown and also to prevent

contamination problems.

A diagram of the evaporation apparatus is shown in
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Figure 3. Bellows-coupled rotary feedthroughs were used

to drive the rotary substrate changer and other moving

parts. Ceramic feedthroughs were used for electrical con-

nections. A fan-shaped vapor stream shutter was mounted

on the shield plate to open and close the evaporation port

before and after evaporation.

The substrate heater used in this study consisted of

a ceramic disk heater. The heater was composed of a tan-

talum filament threaded through a ceramic support. A

thermocouple was attached to the face of the heater and

was calibrated to read the actual temperature of the sub-

strate. The substrate was raised into position against

the face of the substrate heater by means of a clamp-ring

assembly. The maximum temperature obtainable using this

heater was about 500°C.

The height of the substrate holder was adjusted so

that the distance between the e-Gun evaporation source

and the substrate was 30 cm. This is the approximate

distance recommended by Varian for best evaporation re-

sults using the Varian e-Gun.

Deposition Thickness Monitor

A Sloan quartz crystal deposit thickness monitor

Model DTM-3 was used for monitoring and controlling the

thickness of the evaporated films on the substrate as the

deposition process was taking place. This monitor
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measures the mass of the deposit. Mass is measured by

evaluating the change in frequency of a resonating quartz

crystal inside the vacuum system as a deposit builds up on

its surface. Normal reproducible accuracy is of the order

± 2%. The Sloan deposition monitor was connected to the

e-Gun evaporation source control unit. The Sloan monitor

has a relay which can be set for any change in crystal

frequency desired corresponding to a certain deposit thick-

ness. The frequency change is registered on a meter lo-

cated outside the vacuum system. When the indicated fre-

quency shift reaches the relay set point on the meter, the

meter relay automatically switches off the e-Gun power

supply and the evaporation stops.

The relationship between thickness (T) of a material

of bulk density (p) and the frequency shift (Af) is of

the form:

T = K
L\f

p

The value of the constant K depends upon the particular

arrangement of the e-Gun source, substrate holder, and

quartz crystal monitor in the vacuum system. Thus, the

Sloan deposit thickness monitor must be calibrated for

each vacuum system in which it is used and also for each

different film evaporated.

The deposit thickness monitor was calibrated for

films of silicon dioxide and aluminum oxide by evaporating
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various thicknesses of these films onto specially cleaned

microscope slides (the substrates) and recording the cor-

responding change in monitor frequency. The actual thick-

nesses of the deposited films on the microscope slides were

then measured using the two-beam interference method with

metallized sample as described in Burger and Donovan

(6, p. 79-84). Figure 4 (Tables XII and XIII) shows the

calibration curves of mean substrate film thickness versus

deposition monitor frequency for silicon dioxide and alumi-

num oxide. The mean film thickness is the arithmetic mean

of a set of samples. The mean was calculated using the

method as given by Spiegel (40, p. 45-46). An example

calculation (Table XIV) of the mean film thickness is given

in the Appendix. The 95% confidence interval was calcu-

lated using a "Student's" distribution since the number of

samples was small (usually less than ten). The 95% con-

fidence interval was calculated using the method as given

by Hoel (25, p. 148-151). An example calculation (Table

XV) of the 95% confidence interval of the mean is given in

the Appendix.

The pressure was 10
-5 torr while the evaporation was

being done. E-Gun beam current was 25 milliamperes for

silicon dioxide and 90 milliamperes for aluminum oxide.

Substrate temperature was 350°C. The evaporation condi-

tions were typical of the values used for evaporation of

these dielectrics on the MOS devices which will be
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considered later.

Vacuum System Pressure Reading

The pressure inside the Pyrex bell jar was measured

with the Varian dualrange ionization gauges and control

unit (Model 971-0014) provided with the Varian vacuum sys-

tem. The Varian dualr-range ionization gauge control unit

operates two types of hot filament ionization gauges to

give a single-meter readout of the vacuum system pressure

from one torr (mm of Hg) down to 2 x 10-12 torr. The

ionization gauge consists of the ion collector (a loop of

tungsten wire) located inside a planar grid box. The grid

box is wound with a platinum-iridium wire lattice over the

opening facing the filament. The amount of current flowing

in the ion collector circuit depends on the number of

residual ions collected. By measuring this current, the

pressure is determined and displayed on a calibrated pres-

sure meter. This meter has both linear and logarithmic

scales. The pressure reading is highly accurate using the

linear scales.



25

III. EXPERIMENTAL PROCEDURE

Substrate Preparation

Substrate preparation is essential in vacuum evapora-

tion work. Good adherence to the substrate material can

be achieved if the substrate surface is smooth, clean, and

free of moisture and oil contamination. The number of

pinholes which tend to appear in the deposited films depend

significantly on any dust particles which may stick to the

substrate surface prior to evaporation. The uniformity of

the deposited films depends mainly on the arrangement of

the vacuum deposition apparatus and on the vacuum deposi-

tion method.

There are several methods of achieving a smooth flat

substrate surface. These include polishing methods and

chemical etching techniques. There are numerous procedures

for substrate cleaning. Solvents, detergents, acids, and

ultrasonic cleaning are commonly used. A very elaborate

cleaning method is given in Burger and Donovan (6, p. 174).

Various kinds of substrates were used in this re-

search project. These included glass microscope slides,

silicon (both n- and p-types), germanium, and gallium

arsenide. The microscope slides used were new precleaned

slides. The slides were placed in a beaker of detergent

and deionized water. This beaker was then placed on a

hot-plate and boiled for about ten minutes. The slides
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were then taken out and rinsed in deionized water for two

minutes. The slides were then washed in acetone using the

40-kc ultrasonic cleaner for five minutes. After rinsing

in deionized water for five minutes, the slides were dried

using dry nitrogen and immediately placed into the vacuum

system for evaporation.

The polished n- and p-type silicon wafers used in

this project were obtained from Semimetals, Inc. These

wafers were phosphorus and boron doped with resistivities

ranging between 0.3 ohm-cm to 10 ohm-cm. One side of each

of these wafers had already been highly polished to a

smooth, flat surface by Semimetals while the other side

had been lapped. This saved a great amount of work. The

sizes of these wafers were one inch and one and one-quarter

inch in diameter. Both (100) and (111) crystal structures

were used.

The silicon wafers were first washed in reagent ace-

tone using the 40-kc ultrasonic cleaner for five minutes.

The wafers were then rinsed in deionized water for two

minutes. The wafers were next etched for 15 seconds in

48% HF to remove any oxides and contaminates. After

rinsing thoroughly in deionized water, the wafers were

placed in boiling deionized water for ten minutes to re-

move fluorine ions from the surface. After rinsing in

deionized water for five minutes, the wafers were dried

using dry nitrogen and immediately placed into the
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vacuum system for evaporation.

The germanium wafers used were n-type with seven

ohm-cm resistivity. The wafers were polished mechanically

on a Buehler Automet polisher using 0.5 micron alumina

abrasive on a polishing wheel. This made a very smooth,

flat surface. The wafers were then etched for a few sec-

onds in CP4 (120 ml of acetic acid, 44 drops of bromine,

120 ml of HF, and 200 ml of HNO
3
). After rinsing in de-

ionized water, the wafers were washed in warm trichlor-

ethylene. Next, the wafers were ultrasonically washed in

acetone for ten minutes. After rinsing in deionized water

for five minutes, the wafers were dried using dry nitrogen

and immediately placed into the vacuum system for evapora-

tion.

The gallium arsenide wafers used in this experiment

were tellerium doped (n-type). The wafers were from the

same crystal (111) and had a resistivity of 7 x 10-4

ohm-cm. Since the wafers were already lapped, they were

etched in 1:1:2 Etch (HC1:HNO3:H20) for ten minutes to

obtain a fairly smooth surface and to distinguish the gal-

lium surface from the arsenic surface (the gallium surface

is covered with etch pits).

The arsenic surface of these wafers was then mechan-

ically polished on the Buehler Automet polisher using one

micron alumina abrasive on a polishing wheel. This made

a very smooth, flat surface. The arsenic side was then
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chemically polished using dilute bleach (one part bleach

to 20 parts deionized water) and a Geoscience fine polish-

ing disk. The chemical polishing took about ten minutes.

These wafers were then rinsed in deionized water, ultra-

sonically cleaned in reagent acetone for ten minutes, and

finally rinsed in deionized water for five minutes. After

drying the wafers with dry nitrogen, they were placed

immediately into the vacuum system for evaporation.

Quartz and Sapphire Source Material Preparation

The silicon dioxide source material used in this

project was high-purity quartz (diffusion grade). The

e-Gun evaporation sources were obtained by cutting

2" x 2" x 1/4" fused quartz plates with a diamond saw into

1/2" x 1/2" x 1/4" pieces. These pieces were then ultra-

sonically washed in trichlorethylene for ten minutes to

remove any oil or grease contaminates. Next, the pieces

were washed for ten minutes in acetone using ultrasonic

agitation. After rinsing in deionized water for five

minutes, the pieces were etched in a 4:1 solution of

buffered HF (80 gm NH4F: 150 ml H2O is the buffering

NH
4
F solution; add 200 ml of this NH

4
F solution to 50 ml

of 48% HF) for ten minutes. The pieces were then boiled

in deionized water for ten minutes to remove any fluorine

ions on the surface. After rinsing the pieces for five

minutes in deionized water, they were dried with dry
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nitrogen and then baked for ten minutes in nitrogen at

530°C in an alloy furnace. Immediately after this, the

pieces were placed in the vacuum system for evaporation.

The aluminum oxide source material used in this

research was high-purity (99.98%) white synthetic sapphire.

The e-Gun evaporation sources were obtained by cutting

1/2-inch diameter sapphire rod into 1/4-inch sections

using a diamond saw. These sections were than ultrason-

ically washed in trichlorethylene and acetone. The sec-

tions were etched in the buffered HF solution for ten

minutes, boiled in deionized water, rinsed in deionized

water, and dried in dry nitrogen. The sections were then

baked for ten minutes in nitrogen at 530°C prior to

evaporation.

Experimental E-Gun Evaporation Procedure

In a typical e-Gun evaporation experiment, the

appropriate substrates, which had been prepared and

cleaned immediately prior to evaporation as discussed

previously, were mounted on substrate holders using the

spring clips. The substrates and substrate holders were

then placed on the substrate carrousel in the Varian

vacuum system. An appropriate piece of quartz or sapphire,

which also had been prepared prior to evaporation, was

then placed in the e-Gun crucible in the vacuum system.

The Pyrex bell jar was lowered and the Edwards mechanical
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roughing pump was applied (by opening the correct valves)

for the initial pumpdown. At 1.5 x 10-2 torr (15 microns),

the titanium sublimation pump was turned on. When the

pressure inside the bell jar dropped to 1 x 10 -2 torr

(10 microns), the mechanical roughing pump was disconnected

by closing the correct valves. The isolation valve of the

Varian Sputter-Ion pump was slowly opened until the pres-

sure inside the bell jar dropped to 10-7 torr. This

usually took several hours.

Next, the substrate and holder were raised up against

the substrate heater and the heater was turned on. After

20 minutes, the substrate temperature had reached 350°C as

indicated on the calibrated thermocouple meter. The water

valve to the e-Gun water-cooling system was turned on and

five minutes was allowed for sufficient cooling and stabil-

ity to occur. The main power to the e-Gun was turned on

and the beam current was slowly increased until the evap-

oration source (quartz or sapphire) just began to evapo-

rate. The e-Gun was then turned off. During this time,

the fan-shaped shutter was closed over the evaporation

port. This initial evaporation procedure was necessary

to outgas the system and to evaporate any contaminates

from the surface of the evaporant source material.

When the vacuum system had again pumped down to 10
-7

torr, the final evaporation was ready to begin. The

e-Gun was again turned on and the beam current was slowly
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increased until the evaporant source material began to

melt (at this point the beam current was usually about 20

milliamperes for quartz and 90 milliamperes for sapphire).

The shutter was now opened and the deposition monitor

turned on. As the dielectric film was deposited on the

substrate, the thickness deposition monitor displayed the

frequency shift corresponding to the calibrated film thick-

ness. When the dielectric film reached the required thick-

ness, the relay in the deposition monitor shut the e-Gun

power supply off. Immediately the shutter was closed and

the deposition monitor was turned off. The pressure in

the vacuum system during the e-Gun evaporation was usually

below 10-5 torr.

For more than one evaporation, the substrate was

lowered and the carrousel rotated bringing the next sub-

strate into place. This next substrate was then raised

up against the substrate heater. After allowing 20 min-

utes for the substrate to heat up, the final evaporation

procedure was again repeated. Depending on the required

film thickness, up to six separate evaporations could be

made on six different substrates for one vacuum system

pumpdown.

After all the evaporations were completed, the sub-

strate heater was turned off and the substrates were

lowered back to their original position. The vacuum sys-

tem and substrates were then allowed to cool for one hour
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before removing the substrates. The titanium sublimation

pump was turned off and the water supply shut off.

After the cooling period, the isolation valve to the

Varian Sputter-Ion pump was closed. Dry nitrogen (99.99%

pure) was then introduced into the system to bring it up

to atmospheric pressure. The nitrogen was turned off and

the bell jar was raised. The substrates were then removed

from the vacuum system and placed in clean, covered Pyrex

dishes for further processing.

Cleanliness was carefully observed during every

evaporaticn. Clean rubber gloves were used for handling

of the vacuum system fixtures and substrate holders to

prevent fingerprints and oil contamination from entering

the vacuum system. A vacuum cleaner was used to vacuum

up any flakes of silicon dioxide or aluminum oxide which

did not stick to the cold surface of the bell jar and

hence fell to the bottom of the vacuum system.

Oxide Film Thickness Measurements

There are several methods by which the thickness of

the deposited films of silicon dioxide and aluminum oxide

could be measured. Some methods commonly used for film

thickness measurements are: (i) optical interference

methods (namely, wedge method, two-beam interference

method with metallized or non-metallized sample, and

multiple-beam interference method); (ii) the color
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reference method (comparing the color of the unknown with

the colors of a set of standard films of different thick-

ness); and (iii) weight change method (weigh the sample

before and after the deposition of the film in a micro-

balance).

In this project, the thickness of the silicon dioxide

or aluminum oxide films was measured mainly by the two-

beam interference method with metallized samples. When

measuring the approximate index of refraction of the sili-

con dioxide and aluminum oxide films, the two-beam inter-

ference method with non-metallized samples was also used.

After determining the approximate index of refraction, the

color reference method was also used to give an idea of

the thickness of the films. The calibrated deposition

monitor also gave an estimate of the evaporated film

thickness. The accuracy of the two-beam interference

method with metallized sample is + 295 A. The accuracy

of the color reference method is + 250 A. There are other

optical methods which give greater accuracy, but the time

and work involved in preparing the sample did not make

them practical for this project.

A. Two-Beam Interference Method

With Metallized Sample

This method is described in considerable detail by

Booker and Benjamin (4) in a recent published article.
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The sample with a uniform wedge-shaped oxide step, fabri-

cated using e-Gun evaporation, was metallized by depositing

a thin film of aluminum of the surface with a vacuum evap-

orator. The metallized sample was then examined with a

Unitron metallurgical microscope equipped with a Watson

interference objective. A fringe system was obtained with
0

monochromatic light (sodium light, 2\ = 5890 A, was used

for this project). This fringe system was examined under

the microscope. The displacement of the fringes on going

from the aluminum base to the oxide film corresponds to a

step up. The film thickness was calculated by (4, p. 1206):

d p

where d = the thickness of the oxide film,

= the wavelength of the monochromatic light, and

p = the fringe displacement.

An accuracy of measurement within ± 0.1 fringe can be

obtained by this method.

When silicon substrates were used, the step was

usually obtained by first applying a solution of Apiezon

W wax in trichlorethylene to one half of the silicon

sample surface possessing the oxide film. The trichlor-

ethylene rapidly evaporated, leaving a hard wax surface

film. The sample was immersed for 60 seconds in 48% HF

(hydrofluoric acid) to dissolve the unprotected half of

the oxide film. The sample was then thoroughly rinsed,

and the wax was removed with trichlorethylene.
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Undercutting of the wax layer by the Hr produced a rela-

tively uniform, wedge-shaped oxide film step. A portion

of the sample possessing an oxide film was then metallized

with aluminum, and the film thickness was measured by the

same method (as the glass substrates) that has been described

previously. A section of the metallized silicon sample is

shown by Figure 5.

aluminum

oxide --
silicon

Figure 5. Metallized silicon sample.

B. Two-Beam Interference Method

With Non-Metallized Sample

To measure the index of refraction of the silicon

dioxide and aluminum oxide films, the non-metallized

sample method was used in addition to the metallized

method. In the non-metallized method, the metallized

silicon substrates that had been used previously were

placed under the microscope. This time the non-metallized

portion of the sample was examined near the intersection

of the metallized and non-metallized sections. A system

of fringes was observed and the film thickness could be
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calculated by (4, p. 1207):

A
d q 2 (n-1)

where d = the thickness of the oxide film,

n = the refractive index of the oxide film,

q = the fringe displacement, and

A= the wavelength of the monochromatic light.

Since the film thickness had already been measured by the

metallized method, this leaves only the index of refraction

as an unknown in the non-metallized equation. This was the

method used to determine the index of refraction of the

silicon dioxide and aluminum oxide films.

C. Color Reference Method

Interference colors between white light reflected at

the oxide-silicon interface can be used to deduce the

thickness of the oxide film. The color sensation is that

which is produced by uniform white light minus a portion

which is missing due to destructive interference.

Destructive interference occurs when (6, p. 93):

2 d - (2 k-1) A
2

where k = 1, 2, 3, etc. and

n = the index of refraction of the film.

Experimentally determined relationships between thick-

ness and color for thermally-grown oxide (silicon dioxide)

on silicon has been reported by many people. Burger and

Donovan (6, p. 96-97) give a table which presents the
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silicon dioxide film thickness for certain color sensa-

tions. The color chart is for thermally-grown oxide films

observed perpendicularly under daylight fluorescent light-

ing. The index of refraction used for this chart was 1.46.

Hence, by knowing the index of refraction for any other

type of oxide film (e-Gun evaporated silicon dioxide and

aluminum oxide), one can determine the film thickness.

This method of film thickness measurement was also used

for some cases in this project. The accuracy of this

method is approximately ± 250 A.
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IV. PROPERTIES OF E-GUN EVAPORATED FILMS

Before using e-Gun evaporated silicon dioxide and

aluminum oxide in MOS structures, some evaporation para-

meters which affect the properties of the films of silicon

dioxide and aluminum oxide were investigated. This was

done in order to determine what evaporation conditions are

best for producing suitable oxide films for MOS devices.

Some of the evaporation parameters investigated were

the effect of the input power to the e-Gun, effect of

deposition rate, and effect of substrate temperature on

the resulting deposited oxide films. The source-to-

substrate distance was kept fixed at 30 cm. This was the

approximate distance recommended by Varian (the manufac-

turer of the e-Gun) and has been used successfully by

Pliskin and Castrucci (35, p. 86).

Some of the silicon dioxide and aluminum oxide prop-

erties investigated were deposition rate, uniformity of

film thickness, number of pinholes, infrared spectra,

index of refraction, dielectric constant, density and

etching tests. Various annealing procedures were also

tried.

The results of this investigation will be discussed

and compared with the few published reports that have

recently appeared on this subject. Although no X-ray

spectra were taken on these films of silicon dioxide and
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aluminum oxide, it is assumed that they are amorphous

films. This is a reasonable assumption since the films

were deposited on low temperature substrates (always less

than 500°C). This feature has been discussed extensively

by Holland (26, p. 464).

Average Deposition Rate Versus E-Gun Input Power

The effect of the e-Gun input power on the average

deposition rate was studied. Silicon substrates (0.5

ohm-cm) of n-type were used in this experiment. They were

prepared by the cleaning procedure discussed earlier. The

substrates were all heated to 350°C by the substrate heater

prior to evaporation. The rate of evaporation is dependent

on the shape and size of the evaporant source material.

Thus, the evaporation does not proceed at a completely

uniform rate. This is why an average deposition rate is

calculated for the total evaporation period. The sub-

strate film thickness was measured using the previously

discussed methods and this value was divided by the total

deposition time to give an average deposition rate. A

new piece of source material was used for each evaporation.

Figure 6 (Table XVI) shows the results of this investiga-

tion. The letters A-K signify the sample numbers for

purposes of identification.

As can be seen from curves, the deposition rate

increases with the input power. The beam power density
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Figure 6. Average deposition rate versus e-Gun
input power for silicon dioxide and
aluminum oxide. Source-to-substrate
distance = 30 cm.
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increases as power is increased; and hence the amount of

material evaporated increases per unit time. Similar

shaped curves have been obtained by Lo (30, p. 17) for

filament evaporation of silicon monoxide (deposition rate

versus source temperature). Also, as is shown by Figure 6,

sapphire (aluminum oxide) requires more input power for

the same deposition rate than quartz sources (silicon

dioxide). The reason for this is that the melting point

of aluminum oxide (sapphire) is higher than the melting

point of silicon dioxide (quartz).

Infrared Spectroscopy

A method which has gained much popularity the last

few years for determining the relative chemical composition

of thin films such as silicon dioxide, silicon nitride, and

silicon monoxide is the method of infrared spectroscopy.

There is some possibility of decomposition of electron

beam evaporated oxides into lower oxide forms. Silicon

dioxide and aluminum oxide are usually quite stable with

regard to thermal evaporations. Pliskin and Castrucci

(35, p. 87) have concluded that their e-Gun evaporated

silicon dioxide films were essentially "Si02" with some

oxygen deficiency. Cox et al. (10, p. 251-252) have

concluded that undecomposed films of Si02 can be obtained

by evaporating quartz with an electron gun and that un-

decomposed films of A1203 can be obtained by electron
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bombardment of aluminum oxide. Lewis (29, p. 113) has

concluded that Al2 0
3 films can be obtained by electron

bombardment evaporation.

Infrared spectroscopy was used in this project to

compare the infrared spectra of the e-Gun evaporated films

of quartz and sapphire with the previously published infra-

red spectra of Si02 and A1203. The infrared spectra of

films of silicon dioxide and aluminum oxide were taken on

the same oxide coated silicon wafers used for the measure-

ments of deposition rate discussed previously. The infra-

red spectra were taken on the films immediately after the

e-Gun evaporation and prior to the thickness measurements.

A Beckman Instruments Model IR-7 double beam spectropho-

tometer was used to take the infrared spectra.

Figures 7 and 8 show the infrared spectra for e-Gun

evaporated films of silicon dioxide as compared to ther-

mally-grown (using dry oxygen at 1100 °C) silicon dioxide

and thermally evaporated silicon monoxide (36, p. 1016).

For thermally-grown silicon dioxide, the strong absorption

band is at 9.1 4. For thermally evaporated silicon mon-

oxide, the strong absorption band is at 10 4. As these

infrared curves indicate, the spectrum which most nearly

approaches the thermally-grown silicon dioxide spectrum

is curve A which was the slowest deposition rate. The

infrared spectra indicate that as the deposition rate

increases, the e-Gun films decompose into a mixture of
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SiO, Si02, and Si203. A very detailed explanation of how

to interpret the results of infrared spectra for silicon

oxide films is given by Pliskin and Lehman (36, p. 1016).

Thus, it was concluded from this infrared spectra that
0

the slowest deposition rate (650 A/min.) should be used

for e-Gun evaporated silicon dioxide for MOS devices.

An annealing procedure was tried to see what changes

would occur in the infrared spectra. The sample used for

spectrum A was placed in a furnace for ten minutes in dry

nitrogen at 1100°C. The infrared spectrum was then taken

again on this sample. Figure 9 shows the results of this

annealing process. The new spectrum indicates that the

e-Gun evaporated silicon dioxide was densified by the

annealing process. After this heat treatment, the infra-

red spectrum of the sample indicated that the e-Gun evap-

orated film was now nearly the same as thermally-grown

silicon dioxide. From the results of this experiment, it

appears that for e-Gun evaporated silicon dioxide films,

one should always anneal the evaporated films to give the

best results. Pliskin and Castrucci (35) have reported

similar results.

Infrared spectra were also taken on e-Gun evaporated

films of sapphire. Figure 10 shows the results of this

research. From a literature search, three published

reports on infrared spectra for aluminum oxide were found.

Brame et al. (5, p. 50) reported on the infrared spectrum
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for 99.9% pure A1203. This spectrum is also shown on

Figure 11. Similar spectra were obtained by Harris (23,

p. 28) for aluminum oxide films prepared by anodization of

aluminum foil and by Fichter (14, p. 25) for aluminum oxide

films prepared by oxidation of freshly deposited films of

aluminum.

From Figure 10, results similar to those obtained for

e-Gun evaporated silicon dioxide are noted. Spectrum H is

most nearly the same as the reported spectrum of 99.9%

A1203. The strong absorption band occurs approximately at

13.5 [I. Spectrum H was for the sample with the slowest
0

deposition rate (250 A/min.). As the deposition rate in-

creased, the absorption band shifted to the right indicat-

ing some decomposition of the oxide films. The other pos-

sible oxide compounds of aluminum are A120 and A10. From

the infrared spectra, there may be some mixture of these

lower oxides at the higher deposition rates.

A heat treatment similar to that used for the e-Gun

evaporated silicon dioxide was tried for e-Gun evaporated

aluminum oxide. Sample H was placed in a furnace for ten

minutes at 1100°C in dry nitrogen. Figure 11 shows the

results of this experiment. From the infrared spectra, it

appears that the heat treatment may have densified the

film as indicated by the decrease in transmission; but

the shape remained essentially the same. From the results

of this experiment, it appears that for e-Gun evaporated
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aluminum oxide films, one should use the slow deposition

rate (250 A/min.) and always anneal the evaporated films

to give the best results.

Various substrate temperatures were tried. Both sili-

con dioxide and aluminum oxide were evaporated on silicon

substrates that were heated from 100°C to 500°C. No sig-

nificant improvement could be detected in the infrared

spectra of these films. For substrate temperatures near

500°C, the faster deposition rates gave infrared spectra

similar to the slow deposition rates.

Uniformity and Number of Pinholes

The uniformity of the e-Gun evaporated films was very

good. Even for the large silicon wafers (one and one-

quarter inch diameter), no variance in the film thickness

could be detected across the surface of the wafer. The

interference color of the oxide film was the same over the

entire wafer surface. Using the two-beam interference

method with metallized sample, no variation in film thick-

ness could be measured over the surface of the wafer.

This was true even for the fast deposition rates.

Since the e-Gun evaporation was upwards, the pinhole

problem was kept to a minimum. No oxide flakes from

previous evaporations could fall onto the face of the

substrate. Hence, there were essentially only two ways to

get pinholes. Pinholes in the oxide film could arise if
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dust particles were left on the substrates after cleaning

and prior to pumpdown of the vacuum system. Caution was

taken to prevent this by immediately placing the substrates

into a covered pyrex dish after cleaning and then placing

them directly into the vacuum system. After the substrates

were installed on the substrate holders and placed on the

rotary substrate holder in the vacuum system, all remaining

dust particles were carefully blown off using a dry-nitro-

gen nozzle. The vacuum system was then pumped down.

Another way for pinholes to occur in the oxide film

is if the evaporating atoms dislodge particles or flakes

from the internal walls and fixtures of the vacuum system.

If these particles or flakes should stick to the substrate

surface, pinholes could arise. Much care was taken to

carefully vacuum out the vacuum system with a vacuum

cleaner before every evaporation to prevent this problem.

The oxide films deposited at the various deposition

rates discussed previously were examined for pinholes

using a Unitron metallurgical microscope with high power

objective and eyepiece. There were very few observable

pinholes in the oxide films deposited at the slowest rates;

but as the deposition rate increased, so did the number of

pinholes. This was attributed to a greater number of

particles being dislodged and sticking to the substrate at

the higher deposition rates. Some of the larger particles

could actually be seen on the substrate surface. Thus,



52

from these observations, it was concluded that the slower

evaporation rates should be used to minimize the pinhole

problem.

Adhesion and Hardness

Adhesion of evaporated films depends mainly on two

conditions: (1) a clean substrate surface and (2) no

water vapor on the substrate surface. The first condition

was obtained by the substrate preparation and cleaning

procedure discussed previously. The second condition was

obtained by heating the substrate for twenty minutes prior

to evaporation.

For substrate temperatures below 100°C, the oxide

films were poorly adherent and could be readily rubbed off.

For temperatures between 100°C and 200°C, the oxide films

could be peeled off the substrates by applying "Scotch"

tape firmly to the film and then pulling the tape off.

For substrate temperatures above 200°C, the oxide films

were hard, transparent, and glassy in appearance, and had

excellent adhesion. This was true for all the different

substrates used in this project including silicon, ger-

manium, and gallium arsenide.

The films were tested for hardness by scratching the

oxide films with a steel point. The evaporated silicon

dioxide films scratched very easily, but the aluminum

oxide films were much harder. This is to be expected
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since aluminum oxide (alumina) is used in many areas for

lapping and polishing purposes.

Index of Refraction, Densit
, and Dielectric Constant

The index of refraction of the oxide films was meas-

ured by the two-beam interference method with metallized

and non-metallized samples described previously. The index

of refraction was measured for the silicon dioxide and

aluminum oxide films evaporated on silicon substrates. An

example calculation of index of refraction is shown in

Table XVIII of the Appendix. The results of these measure-

ments on index of refraction are shown in Table I (see also

Table XVII of the Appendix). The index of refraction of

bulk silica glass and thermally-grown silicon dioxide is

about 1.46 (6, p. 109). Silicon monoxide has an index of

refraction of 1.97 (29, p. 117). Aluminum oxide (A1203)

has an index of refraction of 1.65 (29, p. 113).

As Table I shows, the index of refraction of the

evaporated films increased as the deposition rate increased.

The reason for this should not be an increase in density;

but the films were probably mixtures of the lower oxides

which have higher indexes of refraction. This was previ-

ously indicated by the infrared spectra.

Samples A and B (the slowest deposition rates) have

indexes of refraction which are closest to that of bulk

silica glass (Si02). After an annealing treatment for
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Table I. Index of Refraction, Density, and Dielectric
Constant Measurements for e-Gun Silicon
Dioxide and Aluminum Oxide Films.

Sample Deposition
Rate

(A/min.)

Index
of

Refraction

Density
(g/cm3)

Dielectric
Constant

Silicon
Dioxide

A

B

C

D

E

F

Aluminum
Oxide

H

I

J

K

650

750

1300

2500

4300

7500

250

1000

2000

4000

1.44 ± 0.05

1.44 + 0.05_

1.50 + 0.05_

1.55 + 0.05

1.56 + 0.03

1.56 + 0.03_

1.67 ± 0.1

1.72 + 0.05

1.72 + 0.05_

1.76 + 0.03_

2

2

2

2

2

2

5

4

4

3

3.7 + 0.2

3.8 + 0.2

4.0 + 0.2_

4.1 + 0.2_

4.3 + 0.1_

4.3 + 0.1_

8.8 ± 0.8

8.5 + 0.5

8.5 + 0.5_

8.3 + 0.3
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ten minutes in nitrogen at 1100°C, no measurable change in
index of refraction could be observed for these samples.

Sample H has an index of refraction which is closest to

that of A1203. Again no measurable increase in index of

refraction could be observed for this sample after an

annealing treatment.

The approximate density of the evaporated oxide films
was measured. This was done by lapping the silicon sub-

strates on one side until the thickness was four mils

(10
-2

cm). The substrates were then cut into one centi-

meter by one centimeter squares. After cleaning, these

pieces were then weighed on a sensitive microbalance.

Silicon dioxide and aluminum oxide films were e-Gun evap-

orated onto these pieces at the deposition rates used

previously. The weight of the oxide coated substrate was

again measured after evaporation. By knowing the film

thickness, the approximate density of the films was cal-

culated.

The results of these measurements are shown in Table

I (see also Table XIX of the Appendix). The density of

thermally-grown silicon dioxide is 2.2 g/cm3 (6, p. 108).

The density of aluminum oxide is 3.42 g/cm3 (23, p. 30).

As Table I indicates, the density measurements were very

approximate. Water vapor and humidity can increase the

measured weight of the oxide and thus introduce error.

The density values of the oxide films are of the right



56

order of magnitude.

The dielectric constants of the e-Gun evaporated

films were measured using MOS capacitors. The oxide films
were evaporated on n-type silicon substrates (one ohm-cm)
at the previously discussed deposition rates. Aluminum

-2dots, 20 mils (5.05 x 10 cm) in diameter and 5000 A

thick, were filament evaporated through a metal mask over

the oxide. The substrates were heated to 200°C before the
aluminum was evaporated. A copper plating solution (five
parts saturated Cu

2
SO

4 to one part 48% HF to three parts

deionized H20) was used to plate an ohmic copper contact

on the back side of each sample. The specimen was placed
on a large metal block that served as one terminal of the

measuring circuit. The other terminal was a metal probe

brought into contact with any dot by means of a manipula-
tor.

The equipment used for measurement of the dielectric

properties was a Boonton direct capacitance bridge, Model

75C, with internal dc biasing. The oxide capacitance was

measured with +20 volts dc bias on the capacitors. The

measurement frequency was 100 kHz and the signal amplitude
was 100 my peak-to-peak. The lead capacitance and resist-

ance were balanced out before the capacitance measurements
were made. From the known area of the aluminum dot, and

the thickness (measured) of the oxide, it was possible to

calculate the dielectric constant (relative permittivity).
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The results of these measurements are shown in Table I

(see also Table XX of the Appendix). Dielectric values

reported are the average of at least ten capacitance read-
ings on a specimen. An example calculation of the dielec-

tric constant is shown in Table XXI of the Appendix.

The dielectric constant of thermally-grown silicon
dioxide is 3.9 (15, p. 103). The dielectric constant for
aluminum oxide (A1203) is 9 (28, p. 706). The dielectric

constant of silicon monoxide is from 5 to 6 (29, p. 117).

As Table I indicates, the dielectric constants for evapo-
rated silicon dioxide increased as the deposition rate
increased. At the higher deposition rates, the oxide films

were probably mixtures of lower oxides and these lower

oxides have higher dielectric constants. For the evapo-

rated aluminum oxide films, the dielectric constant de-

creases for increasing deposition rates. This may be due

to a decrease in density of the oxide films. The samples

with dielectric constants closest to the reported values

are the ones (samples A and H) with the slowest deposition
rates. After the previously discussed annealing treatment,
the dielectric constant of sample A increased to 3.8 and
the dielectric constant of sample H increased to 8.9. This

indicates that the heat treatment may have densified the

films which agrees with the infrared spectra experiments.
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Etching Tests

Various etching tests were made on the e-Gun silicon

dioxide and aluminum oxide films. Since the slowest depo-

sition rates have appeared to give oxide films which have

properties closest to those of SiO
2

and Al2 0
3' only slowly

0

evaporated films (650 A/min. for silicon dioxide and
0

250 A/min. for aluminum oxide) were used in the tests.

Three different etchants were used in this project.

One was buffered HF (4:1) which has been described previ-

ously under source material preparation. This common etch

is used with photoresist methods in fabrication of semi-

conductor devices and integrated circuits. The second

etch used was H
3PO4 heated to 185°C. The third etch used

was P-etch (15 cc of 48% HF, 10 cc of 70% HNO3, and 300 cc

H
2
0). P-etch is a selective etch solution which is ex-

tremely sensitive to differences in density, stoichiometry,

bond strain, and impurities in the oxide films.

Various thicknesses of silicon dioxide and aluminum

oxide films were e-Gun evaporated on silicon substrates

using the slow deposition rates. Each substrate was then

etched in one of the three different etchants. For P-etch

and buffered HF, the entire film was removed. The sub-

strate was checked about every ten seconds to see if the
0film had been removed. For the 185°C H

3PO4' only 250 A

of film was removed at a time and this time was recorded.
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The results of these etching tests are shown in

Table II (see also Table XXII in the Appendix). As Table

II shows, silicon dioxide etches much more rapidly in

P-etch and buffered HF than in hot H3PO4. For aluminum

oxide, the etch rates are quite close. Another interest-

ing feature shown by the table is that the etch rate de-

creases significantly for both aluminum oxide and silicon

dioxide in all three etchants after the heat treatment in

dry nitrogen for ten minutes at 1100°C. This again indi-

cates that the films were densified by the heat treatment.

After the heat treatment, the e-Gun silicon dioxide etch

rates are very close to the etch rates of thermally-grown

silicon dioxide as given in Burger and Donovan (6, p. 108).

The etch rates of the aluminum oxide films after the heat

treatment are close to the etch rates of pyrolytically

deposited aluminum oxide as reported by Aboaf (1, p. 950).

Another significant feature discovered by this ex-

periment is that the annealed silicon dioxide films etch

20 times as fast in buffered HF as the annealed aluminum

oxide films. While for H
3PO4 at 185°C, the annealed

aluminum oxide films etch about 20 times as fast as the

annealed silicon dioxide films. This feature could be

used advantageously in the manufacture of semiconductor

devices using aluminum oxide as the diffusion mask and

insulator. This feature could also be used for building

silicon dioxide-aluminum oxide sandwich layers for MOS
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Table II. Etching Tests on Films of E-Gun EvaporatedSilicon Dioxide and Aluminum Oxide Beforeand After Heat Treatment.
0

Deposition rate = 650 A/min. for silicon dioxide.
= 250 A/min. for aluminum oxide.

Substrate temp. = 350°C. Pressure = 10 -5 torr.

Heat
Average
Film P-etchSample Treatment Thickness ()Rate

(A/sec)

4:1
Buffered

HF
Etch Rate
(A/sec)

Room Room
Temp. Temp.

185°C
H3PO4

Etch Rate
(A/min.)

Thermally-Grown Si02 2 25 5

E-Gun Silicon Dioxide

None1

10 min N2,1100°C

None2

10 min N2,1100 °C

None3

10 min N
2' 1100°C

Aluminum Oxide

None4
10 min N2,1100°C

None
5

10 min N
2' 1100°C

None6

10 min N2,1100°C

1200

2100

5300

900

1200

1800

30

5

30

5

28

4

10
6

12

8

11

9

40

24

35

23

33

22

4

1

4

1

4

1

22

6

18

5

18

5

500

100

415

120

500

100
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devices. A layer of aluminum oxide could be evaporated on
a semiconductor substrate, a layer of silicon dioxide

(same thickness) could be evaporated on top of it, and

this sandwich could be annealed in dry nitrogen for ten
minutes at 1100°C. Then, conventional photoresist tech-

niques could be used to etch windows in the silicon dioxide
using buffered HF; and then hot H3PO4 could be used to

etch openings in the aluminum oxide using the silicon

dioxide layer as a mask. This would give good resolution
and prevent undercutting. This procedure was in fact

tried and it worked very well. A similar procedure has
been used by Schneer et al. (38, p. 291) to etch silicon

nitride using pyrolytically deposited silicon dioxide as

the mask.

Similarly, silicon dioxide was evaporated on a sili-

con substrate, then aluminum oxide (same thickness) was

evaporated on top, and then another layer of silicon diox-
ide (same thickness) was evaporated on top. This sand-
wich was also annealed. Then, conventional photoresist

techniques were used to etch openings in the silicon

dioxide, hot H
3 PO4 was used to etch openings in the alumi-

num oxide layer using the silicon dioxide layer as a mask

and finally buffered HF was used to etch the bottom layer

of silicon dioxide using the aluminum oxide layer as the

mask.

Another interesting characteristic experimented with
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60 volts. This is a field strength of about 6 x 106 v/cm.
Similar results have been obtained for thermally-grown

silicon dioxide (6, p. 108).

Aluminum oxide and silicon dioxide are usually con-
sidered good insulators with high resistivities and large
bandgaps. Grove (15, p. 103) has reported the bandgap of
SiO

2
to be approximately 8 ev at room temperature. Kingery

(28) has reported the bandgap of A1203 to be approximately
7 ev at room temperature. Lewis (29) has reported that

resistivities for both silicon dioxide and aluminum oxide
are typically greater than 10 12 ohm-cm.

The melting points of A1203 (sapphire) and Si02

(quartz) are relatively high. Lewis (29, p. 110) has

reported the melting point of A1203 to be about 2050°C

while Grove (15, p. 103) has reported the melting point of
SiO

2 to be approximately 1700°C. For e-Gun evaporation of
quartz and sapphire, the surface temperature of the evap-
orating material was measured using a Leeds & Northrup

optical pyrometer. For quartz, the measured surface

temperature for slow evaporation (at beam currents of
20 ma) was approximately 2100°C. For sapphire, the meas-
ured surface temperature for slow evaporation (at beam

currents of 90 ma) was approximately 2400°C.

Another aluminum oxide material which was tried as

an evaporation source material was Lucalox. This is a

polycrystalline form of A1203. This material was not
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suitable for e-Gun evaporation. As the e-Gun beam current
was slowly increased, the Lucalox began to heat up. At a
beam current of 20 ma (with no evaporation), the Lucalox
material would shatter and the pieces would jump completely
out of the e-Gun crucible. The reason for this was con-
cluded to be thermal shock. With a high temperature elec-
tron beam striking the top surface while the rest of the

material was relatively cool, the thermal stresses set up
in the material became too great and the material shattered.
This material would still shatter even when a quartz

thermal insulating sheet was placed between the water-

cooled crucible and the Lucalox material.

Electron transfer from materials such as quartz and

sapphire to the metal anode structure may occur either by

secondary emission of electrons emitted from the bombarded

insulating material or at the high temperatures involved,

by conduction through the materials. These processes have
been described by Lewis (29, p. 110) and by Yamagishi

(3, p. 258).

The e-Gun evaporation of aluminum films was also

tried in this project. Since e-Gun evaporation produces

high purity films, it would be desirable to also use this

method to evaporate aluminum for making metallization con-
tacts to semiconductor devices and integrated circuits.

This method is presently being used by many companies in

industry. High purity aluminum (99.9%) was used for
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evaporation. The main problem involved with e -Gun evapora-

tion of aluminum is that aluminum is a very good conductor
of heat. Thus, when the aluminum source material is placed
in the water-cooled crucible, it takes a large amount of

power to get evaporation. Even at full power (a beam

current of 500 ma), the maximum deposition rate which
0

could be obtained was 500 A/minute. Much faster deposition

rates were obtained by using a tantalum isolation sheet

between the aluminum and the crucible. The maximum deposi-
0tion rate obtained using this method was 5000 A/min. at

beam currents of 500 ma. The only disadvantage to this

method is contamination of the aluminum films by evapora-
tion of the tantalum also.

A better solution to this thermal problem would be
using a ceramic crucible for thermal isolation. Ceramics
such as alumina have much higher melting points than

aluminum.
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V. DIFFUSION MASKING PROPERTIES OF E-GUN EVAPORATED

SILICON DIOXIDE AND ALUMINUM OXIDE

No published reports could be found on using e-Gun
evaporated films of silicon dioxide and aluminum oxide for
diffusion masking. Only one report could be found on using
chemically deposited films of aluminum oxide for diffusion
masking. Aboaf (1, p. 951) reported using these chemically
deposited aluminum oxide films for diffusion masking of
antimony, arsenic, gallium, and indium in germanium. Yeh
(45, p. 342) has reported using evaporated silicon monoxide
to mask the diffusion of zinc in gallium arsenide. Ing
and Davern (27, p. 121) have reported using glow-discharge
deposited silicon dioxide films for diffusion masking of
zinc, gallium, cadmium, and manganese in gallium arsenide.
Shortes et al. (39, p. 304) have reported using reactively
sputtered silicon dioxide for diffusion masking of zinc in

gallium arsenide.

Since the e-Gun evaporated films of silicon dioxide

and aluminum oxide have been found to deposit equally well
on silicon, germanium, and gallium arsenide, it was pos-
sible to study these films for use in diffusion masking.

The adherence of the evaporated films on polished sub-

strates of silicon, germanium, and gallium arsenide was

excellent for substrate temperatures above 200°C. All the
films deposited for diffusion masking were deposited at
slow evaporation rates.
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Masking Against Phosphorus Diffusion in Silicon

Silicon wafers (p-type) of 0.4 ohm-cm resistivity

were used in this experiment. The wafers were scribed and
broken into one centimeter square substrates. These sub-

strates were cleaned using the previously described clean-
ing procedure. E-Gun evaporated films of silicon dioxide

and aluminum oxide were then deposited on the substrates.

These films were of graduated thickness. After evapora-

tion, the films were annealed in dry nitrogen for ten

minutes at 1100°C. The films were completely etched off

one-half of each substrate using Apiezon W wax, 48% HF

for silicon dioxide, and 185°C H
3PO4 for aluminum oxide.

This produced a masked and an unmasked portion on each

substrate. The approximate film thickness was then meas-

ured using the two-beam interference method with metal-

lized sample. The aluminum film was then removed from

each of the substrates using a 10% solution of NaOH. The

substrates were then ultrasonically cleaned with deter-

gent, deionized water, and acetone. Finally, the sub-

strates were rinsed in deionized water and dried using

dry nitrogen.

The substrates were then placed on an open quartz

boat containing the diffusion source and placed into a

tube diffusion furnace heated to 950°C. The diffusion

source was phosphorus nitride (P3N5) powder. The
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diffusion was made using dry nitrogen (at a rate of 1.2
cfh). The diffusion time was 60 minutes. The substrates
were then removed from the furnace and allowed to cool.
By using silicon reference wafers of known resistivity,

assuming a complementary error function impurity distribu-
tion, and measuring the junction depth of the diffused
wafers, the surface concentration of the phosphorus source
was calculated to be approximately 1021 atoms/cm3 .

The substrates were then attached with wax to micro-

scope slides, and a parabolic groove was cut on the sur-
face of each substrate using diamond lapping paste and a

cylindrical rotating rod which had been set at an appro-
priate angle. This parabolic groove was cut on the flat
side of the substrates so that it passed over both the
bare silicon portion of the substrate and part of the
oxide film (12).

After they had been grooved, the substrates were
stained to provide a visible difference between the base
material and the diffused layer. Dash Etch (12 parts
acetic acid, three parts nitric acid, and one part 48% HF)
was used for the staining process. The etch was applied
to the area to be stained under a low-power microscope.

Heat and light were used to enhance the reaction. As soon
as the stain became visible, the reaction was quenched by
rinsing the wafer under running water. The junction depth

was measured using a filar, micrometer eyepiece attached
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to the Unitron metallurgical microscope.

After the staining process, the oxide films were

removed using 48% HF and 185°C H3PO4. A Westinghouse

thermo-electric probe was used to test the area under the

oxide films to determine whether it was n-type or p-type.

The results of the staining test and the thermo-electric

probe test are given in Table III.

As Table III shows, the annealed aluminum oxide films

appeared to be a more effective mask against the diffusion

of phosphorus. This was indicated previously by its

greater resistance to chemical reaction and by its higher

melting point. The annealed silicon dioxide films failed
0 0to mask at some point between 1200 A and 1800 A of film

thickness. The annealed aluminum oxide films failed to
0 0mask at some point between 600 A and 900 A of film thick-

ness. The unmasked junction depth for the samples was in
the range of one micron.

Masking Against Boron Diffusion in Silicon

Silicon wafers (n-type) of one ohm-cm resistivity

were used in this experiment. The substrates were prepared

exactly like the previously discussed substrates used for

phosphorus diffusion.

After oxide film evaporation and film thickness

measurement, the substrates were then placed on an open

quartz boat containing the diffusion source and placed



70

Table III. Phosphorus Diffusion Masking in Silicon
Using E-Gun Evaporated Annealed Oxide Films.

Phosphorus Source = P3N5 (Phosphorus Nitride).
Carrier Gas = Dry Nitrogen.

Open-Tube Diffusion.Diffusion time = 60 minutes.
Diffusion temperature = 950°C.

Oxide
Film

Thickness
(A)

Type
of

Film

Results of
Thermo-Electric

Probe Test
(Masked Portion)

Results
of

Staining
Test

Junction
Depth of
Unmasked
Portion
(Microns)

3000

2400

1800

1200

900

600

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

P-type

P-type

P-type

N-type

N-type

N-type

Masked

Masked

Masked

Didn't
mask

Didn't
mask

Didn't
mask

1.2

1.1

1.0

1.0

1.2

1.1

3000

2400

1800

1200

900

600

Al
2
0
3

A1203

Al
2
0
3

Al
2
0
3

A1203

A1203

P-type

P-type

P-type

P-type

P-type

N-type

Masked

Masked

Masked

Masked

Masked

Didn't
mask

1.2

1.2

1.0

1.2

1.1

1.2
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into a diffusion furnace heated to 950°C. The diffusion

time was 60 minutes and the diffusion took place in dry

nitrogen as before. The diffusion source was boron nitride

(BN) powder. For this source, the surface concentration

was calculated to be about 3 x 10 20 atoms/cm .

After the diffusion, the substrates were again

grooved, stained, and the junction depth measured as before.

The thermo-electric probe was again used to measure whether

the area under the masked portion was n- or p-type. The

results of the staining test and the thermo-electric probe

test are shown in Table IV.

As Table IV shows, the annealed aluminum oxide films

appeared to be more effective in masking against the dif-

fusion of boron than the annealed silicon dioxide films.

The annealed silicon dioxide films failed to mask at
0

some point between 900 A and 1200 A of film thickness.

The annealed aluminum oxide films failed to mask at some
0 0

point between 600 A and 900 A of film thickness. The un-

masked junction depth for the samples was approximately

one micron.

Maskin A ainst Indium Diffusion in Germanium

Germanium wafers (n-type) of seven ohm-cm resistivity

were used in this experiment. The wafers were polished

and etched by the procedure described previously in the

"Experimental Procedure" section. The wafers were scribed
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Table IV. Boron Diffusion Masking in Silicon Using E-GunEvaporated Annealed Oxide Films.

Boron Source = BN (Boron nitride). Open-tube diffusion.Carrier gas = dry nitrogen.
Diffusion temperature = 950°C.
Diffusion time = 60 minutes.

Oxide
Film

Thickness
(A)

Type
of

Film

Results of
Thermo-Electric

Probe Test
(Masked Portion)

Results
of

Staining
Test

Junction
Depth of
Unmasked
Portion
(Microns)

3000

2400

1800

1200

900

600

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

N-type

N-type

N-type

N-type

P-type

P-type

Masked

Masked

Masked

Masked

Didn't
mask

Didn't
mask

1.0

0.8

1.0

0.9

1.0

1.0

3000

2400

1800

1200

900

600

Al
2
0
3

Al
2
0
3

Al
2
0
3

A1203

A1203

A1203

N-type

N-type

N-type

N-type

N-type

P-type

Masked

Masked

Masked

Masked

Masked

Didn't
mask

0.8

1.0

1.0

0.9

1.0

1.0
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and broken into one cm x 1/2 cm substrates. These sub-

strates were cleaned using the previously described clean-
ing procedure for germanium. E-Gun evaporated films of

silicon dioxide and aluminum oxide were then deposited on
the substrates. These films were of graduated thickness.

After evaporation, the films were annealed in dry nitrogen
for ten minutes at 1100°C. The films were completely

etched off one-half of each substrate using Apiezon W wax,
48% HF for silicon dioxide, and 185°C H3PO4 for aluminum
oxide. The film thickness was again measured using the

two-beam interference method with metallized sample as

described previously for the silicon diffusions.

These substrates were then placed into three-inch

long quartz ampoules. The indium diffusion source used in

this experiment was 27-mil diameter pure indium spheres.

One of these spheres was placed into the neck of each of
the ampoules containing the germanium substrates. These

ampoules were then evacuated to about 10
-4

torr and then

sealed using an oxygen-gas torch. These ampoules were

then placed in a tube diffusion furnace at a temperature

of 530°C. The diffusion was carried on for four hours.

After the diffusion step, the ampoules were removed from

the hot zone and allowed to cool to room temperature. The

substrates were then removed from the ampoules.

Parabolic grooves were cut on the surface of the sub-

strates using the same process that was used for the
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silicon substrates discussed previously. The grooves were
then stained with Copper Staining Solution (five parts

saturated Cu
2
SO

4 to one part 48% HF to three parts deion-
ized H

2
0). The substrates were placed under a microscope

light and one drop of the copper staining solution was

applied to the grooved portion. The substrates were then

immediately rinsed with water. The substrates were placed
under the microscope and the junction depth measured.

After the staining process, the oxide films were

removed using 48% HF and 185°C H3PO4. A thermo-electric

probe was again used to test the area under the oxide

films to determine whether it was n-type or p-type. The

results of the staining test and the thermo-electric probe
test are shown in Table V.

As Table V shows, the annealed aluminum oxide films

appeared to be a more effective mask against the diffusion

of indium than the annealed silicon dioxide films. The

annealed silicon dioxide films failed to mask at some
0

point between 2400 A and 3000 A of film thickness. The

annealed aluminum oxide films failed to mask at some point
0 0

between 900 A and 1200 A of film thickness. The unmasked

junction depth varied between 0.15 and 0.25 microns.

Masking Against Gallium Diffusion in Germanium

Again germanium wafers (n-type) of seven ohm-cm

resistivity were used in this experiment. The wafers were
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Table V. Indium Diffusion Masking in Germanium Using
E-Gun Evaporated Annealed Oxide Films.

Indium source = 27 mil diameter pure indium spheres.
Diffusion temperature = 530°C. Closed Box Diffusion.
Diffusion time = 4 hours.

Oxide Type Results of Results JunctionFilm of Thermo-Electric of Depth ofThickness Film Probe Test Staining Unmasked
(A) (Masked Portion) Test Portion

(Microns)

5000

4100

3500

3000

2400

2000

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

N-type

N-type

N-type

N-type

P-type

P-type

Masked

Masked

Masked

Masked

Didn't
mask

Didn't
mask

0.15

0.15

0.20

0.25

0.20

0.25

3000

2400

1800

1200

900

600

Al2 0
3

Al2 0
3

Al2 0
3

Al2 0
3

Al
2
0
3

Al
2
0
3

N-type

N-type

N-type

N-type

P-type

P-type

Masked

Masked

Masked

Masked

Didn't
mask

Didn't
mask

0.15

0.25

0.25

0.15

0.15

0.15
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prepared exactly as they were for indium diffusion in
germanium.

After oxide film thickness measurements, the sub-

strates were placed into quartz ampoules. The gallium dif-

fusion source used in this experiment was 50 mil diameter

pure gallium discs. One of these discs was placed into

the neck of each of the ampoules containing the germanium

substrates. These ampoules were again evacuated as before,

sealed, and placed into a tube diffusion furnace heated to
530°C. The diffusion was carried on for four hours. After
the diffusion, the ampoules were removed from the hot zone
and allowed to cool to room temperature. The substrates

were then removed.

The substrates were again grooved and stained as was

done for the indium diffusion process. The junction depth

was measured using the metallurgical microscope. After
the staining process, the oxide films were removed and the

area under the oxide films was tested using the thermo-

electric probe. The results of the staining test and the

thermo-electric probe test are shown in Table VI.

As Table VI shows, the annealed aluminum oxide films

appeared to be a more effective mask against the diffusion

of gallium than the annealed silicon dioxide films. The

annealed silicon dioxide films failed to mask at some
0 0

point between 3000 A and 3500 A of film thickness. The

annealed aluminum oxide films failed to mask at some point
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Table VI. Gallium Diffusion Masking in Germanium UsingE-Gun Evaporated Annealed Oxide Films.

Gallium source = 50 mil diameter pure gallium discs.
Diffusion temperature = 530°C. Closed Box Diffusion.
Diffusion time = 4 hours.

Oxide Type Results of Results JunctionFilm of Thermo-Electric of Depth ofThickness Film Probe Test Staining Unmasked(A) (Masked Portion) Test Portion
(Microns)

5000

4100

3500

3000

2000

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

N-type

N-type

N-type

P-type

P -type

Masked

Masked

Masked

Didn't
mask

Didn't
mask

0.15

0.25

0.20

0.15

0.20

3000

2400

1800

1200

900

600

A1203

A1203

Al
2
0
3

Al
2
0
3

A1203

Al
2
0
3

N-type

N-type

N-type

N-type

P-type

P -type

Masked

Masked

Masked

Masked

Didn't
mask

Didn't
mask

0.25

0.15

0.15

0.20

0.20

0.15
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between 900 A and 1200 A of film thickness. The junction
depth of the unmasked portion varied between 0.15 and 0.25
microns.

Masking Against Zinc Diffusion in Gallium Arsenide

Tellerium-doped gallium arsenide (n-type) wafers were
used for this investigation. The wafers were from the same

crystal (111) and had a resistivity of 7 x 10-4 ohm-cm.
The wafers were etched and polished by the method described

under "Experimental Procedure." Each wafer was scribed

and broken into one cm x 1/2 cm substrates. These sub-

strates were cleaned using the cleaning procedure previ-

ously described under "Experimental Procedure."

Various thicknesses of oxide film were then evapo-

rated on these substrates. Both silicon dioxide and

aluminum oxide films were used. After the evaporations,

one-half of the film on each substrate was then completely
etched off as has been described for the silicon and

germanium diffusions. The various film thicknesses were

measured and the substrates were then prepared for the

diffusion process as was done for the silicon and german-

ium substrates. The films were not annealed this time

since arsenic will come out of the gallium arsenide

material at 950°C and atmospheric pressure.

After the thickness measurements, the substrates

were placed into quartz ampoules. The zinc diffusion
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source used in this experiment was zinc diarsenide powder.
About three mg of zinc diarsenide was placed into the neck
of each of the ampoules containing the gallium arsenide

substrates. These ampoules were then evacuated, sealed,
and placed into a diffusion furnace heated to 530°C. The
diffusion was carried out for four hours. After the dif-

fusion, the ampoules were removed from the hot zone and

allowed to cool to room temperature. The substrates were
then removed from the ampoules.

Parabolic grooves were cut on the surface of the sub-

strates using the same process that was used for the sili-

con and germanium substrates. The grooves were stained

with GaAs Junction Etch (ten parts H20, one part HF, and

one part H202). The staining process took about 15 min-

utes with the aid of heat and light to speed up the re-
action. After the staining, the substrates were rinsed
in deionized water and the junction depth was measured

using the metallurgical microscope. The results of this

staining test are shown in Table VII.

As Table VII indicates, the evaporated aluminum oxide

films appeared to be a more effective mask against zinc

diffusion than the silicon dioxide films. The evaporated

silicon dioxide films failed to mask the diffusion of
0 0zinc at some point between 1800 A and 2400 A. The evap-

orated aluminum oxide failed to mask at some point between
0 0

1200 A and 1800 A of film thickness. The measured
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Table VII. Zinc Diffusion Masking in Gallium ArsenideUsing E-Gun Evaporated Oxide Films.

Zinc source = ZnAs
2 (zinc diarsenide).

Closed Box Diffusion.
Diffusion temperature = 530°C Diffusion time = 4 hours.

Oxide
Film

Thickness
(A)

Type
of

Film

Oxide
Film
Heat

Treatment

Results
of

Staining
Test

Junction
Depth of
Unmasked
Portion
(Microns)

3000

2400

1800

1200

900

600

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

SiO
2

None

None

None

None

None

None

Masked

Masked

Didn't
mask

Didn't
mask

Didn't
mask

Didn't
mask

1.2

1.5

1.3

1.2

1.2

1.5

3000

2400

1800

1200

900

600

Al2 0
3

Al2 0
3

Al2 0
3

Al2 0
3

Al2 0
3

A1203

None

None

None

None

None

None

Masked

Masked

Masked

Didn't
mask

Didn't
mask

Didn't
mask

1.4

1.2

1.2

1.2

1.5

1.5
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junction depth of the unmasked portion was from 1.2 to 1.5
microns.
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VI. EVALUATION OF MOS CAPACITORS FABRICATED USING
E-G-JN EVAPORATED DIELECTRICS

A structure which has been used very frequently for

evaluating insulator properties and insulator-semiconductor

interface properties is the MIS (metal-insulator-semicon-

ductor) capacitor. When an oxide is used as the insulator

(dielectric material), the capacitor is usually called a

MOS (metal-oxide-semiconductor) capacitor. Under certain

conditions, the capacitance of the MOS capacitor can be

varied by changing the dc bias voltage applied to the metal

electrode. The properties of the oxide and the oxide-semi-

conductor interface can be studied by measuring the capaci-

tance-voltage characteristics (usually termed C-V charac-

teristics) of the MOS capacitor.

Thermally-grown silicon dioxide has been the most

widely studied insulator. Silicon is the commonly used

semiconductor for MOS structures. Aluminum is a commonly

used metal for MOS structures. A very complete biblio-

graphy of metal-insulator-semiconductor studies has been

compiled by E. Schlegel (37). A summary of the many pub-

lished reports using the capacitance-voltage technique for

evaluating insulator layers is given in Schlegel (37,

p. 733).

A brief discussion of the theory and operation of the

MOS capacitor will follow. Much more detailed theory and

discussion of MOS capacitors and other MOS structures are
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given, for example, in Grove (15), Burger and Donovan (6),

and Grove et al. (16, 17, 18, 19, 20, 21, and 22).

The MOS Capacitor

A cross section of a typical MOS capacitor is shown

in Figure 12. The oxide dielectric on the silicon surface

separates the silicon from the top metal electrode, forming

a parallel plate capacitor. The bottom metal layer is to

provide ohmic contact to the silicon.

metal electrode

oxide

( ohmic metal
contact

Figure 12. Cross section of a typical MOS capacitor.

Neglecting surface states and metal-semiconductor

work function difference, the simplest equivalent circuit

for such a device is a fixed capacitance per unit surface

area C
o

, corresponding to the oxide layer capacitance, in

series with a variable capacitance per unit area Csc due

to the space-charge layer located near the silicon surface.

C
C
o
C
sc

C +C
o sc
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The space-charge capacitance arises from the depletion

of majority carriers from a layer near the surface of the

silicon. Thus, the space-charge capacitance per unit area

is:

K Esc o
sc x

d

where K
sc = relative permittivity of the semiconductor

Eo = permittivity of vacuum

x
d = space-charge layer width

and the oxide capacitance per unit area is:

K Eo o
C
o

=
x
o

where K
o = relative permittivity of the oxide

x
o = oxide thickness.

The behavior of the MOS capacitor may be qualitatively

understood by referring to the capacitance-voltage curve

shown by Figure 13. The illustration is for n-type silicon

with a uniform donor impurity concentration. When the bias

on the metal electrode is varied, the majority carrier con-

centration near the oxide-silicon interface can be accumu-

lated above the concentration in the bulk of the silicon,

depleted below the bulk concentration, or inverted (giving

a p-type silicon surface in this example). Bias polarity

is defined as the potential of the metal electrode with

respect to the bulk of the silicon. At positive metal

electrode voltages, electrons are attracted to the silicon
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inversion
region ---0°1

depletion C
regionV >mi

1
1

1

accumulation
region

0
Metal electrode voltage, VG

Figure 13. Typical capacitance-voltage
characteristic of a MOS capacitor.
N-type silicon substrate.

surface and holes are repelled, resulting in a carrier

accumulation layer on the silicon surface. The electron

charge induced lies very close to the interface, and the

device capacitance reaches a maximum level determined by

the thickness and permittivity of the oxide. As the bias

is decreased below zero, the surface is depleted of major-

ity carriers. This produces a space-charge layer which

widens with increasing negative voltages. The induced

charge now terminates at the edge of the depletion layer.

The space-charge layer adds a capacitance in series with

the oxide capacitance. This capacitance decreases as the

space-charge layer widens. The series capacitance results
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in a total capacitance decrease (the depletion region).

As the bias is made more negative, the silicon surface in-

verts (giving a p-type surface). The hole charge induced

by this bias now occurs in a very thin layer near the

interface. Since charge induced by the dc bias goes into

the hole layer, the position of the depletion layer edge

is now nearly independent of bias and the capacitance sat-

urates at the low value shown on Figure 13.

In laboratory fabricated MOS capacitors, the surface

of the silicon is not perfect and the insulators are not

ideal. Thus, the oxide-silicon interface creates surface

states which are stationary electronic states located

within the forbidden energy gap. These surface states may

be due to a number of factors such as dangling bonds at

the interface, traps located within the oxide, impurity

ions or charges near the interface or within the oxide

layer. These surface states cause another capacitance to

be introduced into our simple model. This surface state

capacitance Css is in parallel with the space-charge capac-

itance. Thus, we get an equivalent surface capacitance:

C
s
= Csc + c

ss
. This total surface capacitance is then

in series with the oxide capacitance.

Csc

SS



87

Grove et al. (22)have reported that for capacitance-

voltage measurements using an ac signal (in addition to

the dc bias) of small amplitude and with a frequency in

the order of 100 kHz, the surface states are in very poor

electrical contact with the silicon and cannot respond

significantly to the ac signal. Thus, under these condi-

tions, the number of surface states become independent of

the surface potential. The surfacestate capacitance

approaches zero and the main contribution that the surface

states make to the theoretical C-V characteristic is a

voltage shift along the horizontal axis. From this volt-

age shift, the number of surface states can then be cal-

culated using the appropriate relationship as given by

Grove (22, p. 155). The metal-semiconductor work function

difference must also be taken into account when calculating

the surface-state density since it also gives a voltage

shift from the theoretical C-V characteristic.

The two main goals when fabricating MOS devices are

to keep the surface-state density to a minimum and to make

the devices as stable as possible under various temperature

and bias conditions. The surface-state density is kept low

by keeping the silicon surface as clean as possible and by

using good insulators. If mobile ions are not present in

the oxide insulator, the device should be very stable.

Sodium has been reported to be the principal contaminant

in thermally-grown silicon dioxide.
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Evaluation Using the C-V Technique

Various parameters of the MOS capacitor can be deter-

mined using the C-V measurement technique. One parameter

is the turn-on or inversion voltage (VT). This is the

minimum voltage required to invert the surface of the sili-

con substrate. This voltage is shown in Figure 14.

Another parameter that can be evaluated using C-V

measurements is the surface-state density of the capacitor.

Grove et al. (22) has done considerable work on this

factor for thermally-grown Si02 in MOS devices. Neglecting

surface states and metal-semiconductor work function dif-

ference, a theoretical C-V curve for a MOS capacitor can

be plotted assuming the oxide capacitance and space-charge

capacitance in series. The actual C-V characteristics of

the capacitor can then be measured using a capacitance

bridge or other measuring instrument. The metal-semi-

conductor work function difference and the surface states

will cause a voltage shift from the theoretical curve. An

example of this is shown by Figure 14. This voltage shift

can be determined and from this, the surface-state charge

of the capacitor can be calculated from the relationship:

AV = Qss
(22, p. 155)C

o
ms

where Q
ss = surfacestate charge

C
o = oxide capacitance/unit area

ms = metal-semiconductor work function difference.
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1.0

0.9

0.8

0 0.7

0.6

0.5

Experimental
MOS

capacitor

0.4 i I

V
T

-10 -8 -6 -4 -2 0 2 4

V
G (volts)

Figure 14. Comparison of theoretical and actual
MOS capacitor characteristics.

The metal-semiconductor work function difference has been

experimentally determined by Deal et al. (11) for aluminum-

silicon dioxide-silicon as well as other electrode metals.

For aluminum-Si02 -n-type silicon, ems is approximately

- 0.25 volt; and for aluminum-Si02 -p-type silicon, it is

- 0.95 volt.

Thus, the surface-state density can be calculated by:

CQss
N
ss

o
(1)

ms
= (AV + ).

Another property of the MOS capacitors which can be

studied using C-V measurements is the relative contamina-

tion of the oxide dielectric by mobile impurity ions. If

the oxide contains mobile impurity ions (which is usually

the case), these ions can be moved about in the oxide by

heating the capacitors to about 300°C, applying a bias
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voltage at the same time for 15 minutes, and then cooling

the capacitors quickly. By measuring the C-V characteris-

tic before and after the bias-temperature test, the rela-

tive amount of mobile ions in the oxide can be detected.

If there are very few mobile ions present, there will be

very little shift in the C-V characteristics before and

after the bias-temperature test. For large numbers of

impurity ions, the C-V characteristic will usually shift

by tens of volts.

MOS Capacitor Fabrication

All of the MOS capacitors in this project were fabri-

cated using polished silicon wafers for substrates. Both

n- and p-type silicon were used. The p-type (100) silicon

substrates had 0.4 ohm-cm resistivity (NA= 6 x 1016 cm-3)

and the n-type (111) silicon substrates had ten ohm-cm

resistivity (N
D = 5 x 1014 cm-3 ). The substrates were

cleaned by the procedure discussed previously under

"Experimental Procedure."

For thermally-grown silicon dioxide films, the silicon

substrates were oxidized for 30 minutes in dry oxygen

(2 cfh) at 1100°C in an oxidation furnace. For the vacuum

deposited films, the silicon substrates were placed in the

vacuum system. Silicon dioxide and aluminum oxide films
0

of 1000 A thickness (0.1 micron) were e-Gun evaporated

onto the heated substrates (350 °C) at slow evaporation
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0rates. In some cases 2000 A of dielectric was also used.

The films were then annealed in dry nitrogen for ten min-

utes at 1100°C. For the two-layer dielectric films, the

silicon substrates were first placed in the oxidation
0

furnace for five minutes to grow 300 A of thermal silicon

dioxide; and then they were placed in the vacuum system
0

where 700 A of silicon dioxide or aluminum oxide was e-Gun

evaporated on top of the thermal Si02. These films were

then annealed in dry nitrogen for ten minutes at 1100°C.

Aluminum dots, 17 mils (4.36 x 10-2 cm) in diameter
0

and about 5000 A thick, were filament evaporated through

a metal mask over the oxide. For p-type substrates, a

film of aluminum of the same thickness was deposited on

the back side. These aluminum films were then alloyed in

dry nitrogen for three minutes at 530°C to provide good

ohmic contact to the silicon. For n-type substrates,

copper ohmic contacts were plated on the back using a

copper plating solution (five parts Cu2SO4: one part 48%

HF : three parts H20). The MOS capacitors were then

ready for testing.

C-V Measurement Apparatus

By far, the most commonly used instrument for measur-

ing capacitance is a capacitance bridge. To obtain the

C-V characteristics for MOS capacitors, at least ten

capacitance readings are required for each capacitor at
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various bias settings. These points must then be plotted

on graph paper. This requires a considerable amount of

time for just one capacitor. In this research project,

the C-V characteristics of a large number of capacitors

were to be measured. Hence, the capacitance bridge method

did not appear feasible with regard to time limitations.

Only one published report could be found on instru-

mentation for automatic measurement of MIS capacitance

versus bias characteristics (46). The equipment used in

this published report was very elaborate but required a

great amount of time to wire up and calibrate.

After consultation (31), an easier method of auto-

matically measuring the C-V characteristics of MOS capaci-

tors was devised. The apparatus used to automatically

measure the C-V characteristics is shown in Figure 15.

The measurements were actually taken using a Tektronix

3C66 Carrier Amplifier (25 kHz) and a type 67 Time Base

plugged into a Tektronix 564 storage oscilloscope. Using

this equipment, the C-V characteristics were displayed on

the storage scope and Polaroid pictures could be taken of

the C-V characteristics. Since these pictures are quite

expensive, a Houston X-Y recorder was connected to the

output of the carrier amplifier to record the C-V charac-

teristics on graph paper.

The MOS capacitors were placed on a metal block that

served as one terminal of the measuring circuit. The
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Houston
x-y Plotter

Tek 564 Storage CRO

100 Kn
Voltage
Dividers

I

C

MR ME

0.001 4f manipulator

-.1<- MOS capacitor

Metal
Block

Figure 15. Schematic diagram of apparatus for
automatic measurement of MOS capacitance
versus bias characteristics.
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other terminal was an insulated metal probe brought into

contact with any dot by means of a manipulator. The dc

bias on the capacitors was provided from the sawtooth sweep

output of the time base. A voltage divider was provided

to decrease the total sawtooth signal to a 50 volt sweep.

A dc battery was connected in series with the sawtooth

voltage to get a sweep range from -22 volts to +28 volts.

The second voltage divider was used to regulate the maxi-

mum value of horizontal signal being fed into the X-Y

plotter. The 0.001 microfarad capacitor was a dc blocking

capacitor and the 50 megohm resistor was used to make the

output impedance of the dc bias circuit be much larger

than the capacitive reactance of the MOS capacitor at 25

kHz. The capacitance range of this equipment was from

1 pf/div up to 1000 pf/div.

Using a standard capacitor of known value, the auto-

matic C-V measuring equipment was carefully calibrated.

Before contact was actually made to the MOS capacitors,

all lead capacitance and lead resistance were zeroed out

using the null adjustment controls on the carrier ampli-

fier. To make sure that the automatic C-V measuring

equipment was giving proper readings, the C-V character-

istics of several MOS capacitors were plotted using this

equipment. The C-V characteristics of these same capaci-

tors were then measured using the Boonton Electronics

capacitance bridge (Model 75C). The results of the two
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methods for one such MOS capacitor are shown in Figure 16

(Table XXIII in the Appendix). Both methods gave almost

exactly the same C-V characteristics.

Evaluation of MOS Capacitors

Many MOS capacitors were fabricated using various

dielectric films. The C-V characteristics of these capaci-

tors were measured using the automatic C-V measuring equip-

ment discussed previously. The C-V characteristics of at

least ten MOS capacitors for each dielectric film were

measured. The C-V characteristics for the capacitors on

each substrate were very close. The capacitance values at

various bias voltages were normalized with respect to the

oxide capacitances and these normalized C-V characteristics

for each type of dielectric were averaged. The results

are given in the following curves.

Figure 17 (Tables XXIV and XXV in the Appendix) shows

the MOS normalized C-V characteristics for silicon dioxide

films. P-type silicon substrates were used for the MOS

capacitors. The annealed e-Gun silicon dioxide films pro-

duced the lowest threshold or turn-on voltage for inversion

(VT = 2.5 volts). Next were the thermally-grown Si02

capacitors at 3.0 volts and then the Si02 -Si02 sandwich

layers at 3.5 volts.

Figure 18 (Table XXVI in the Appendix) shows the MOS

normalized C-V characteristics for aluminum oxide and
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obtained by measurement with the
C-V plotter and with a Boonton
Electronics 75C capacitance
bridge.
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A1203 - Si02 sandwich dielectrics. P-type silicon sub-

strates were used. The e-Gun Al2 0
3
-thermal SiO

2
sandwich

layers gave the lower VT of 1.0 volt. The e-Gun A1203

films alone gave a threshold voltage of 3.5 volts.

Figure 19 (Table XXVII in the Appendix) shows the MOS

normalized C-V characteristics for silicon dioxide films.

N-type substrates were used. The e-Gun silicon dioxide-

thermal silicon dioxide layers gave a VT of -6 volts while

e-Gun silicon dioxide films alone gave a threshold voltage

of -4 volts.

Figure 20 (Table XXVIII in the Appendix) shows the

MOS normalized C-V characteristics for aluminum oxide and

aluminum oxide-thermal silicon dioxide dielectrics. N-type

substrates were used. The annealed e-Gun aluminum oxide

capacitors had a turn-on voltage of -5 volts while the

e-Gun Al
2
0
3

-thermal SiO
2 capacitors had a turn-on voltage

of -7.5 volts.

Using these normalized C-V characteristics, the sur-

face-state densities for silicon dioxide capacitors were

calculated using the method mentioned previously in this

chapter. A sample calculation is shown in Table XXX of

the Appendix. There have been no published reports on

the metal-semiconductor work function difference when

aluminum oxide is used as the dielectric. By assuming

about the same 0 as has been determined for siliconms

dioxide, the approximate surface-state densities using
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the e-Gun aluminum oxide films were calculated by the same

method as for the silicon dioxide films. No attempt was

made to calculate the surface-state densities for the sand-

wich layers because these have another interface and no one

has as yet tried to determine the surface-state densities

for two-layer dielectrics in MOS capacitors.

Table VIII shows the results of the threshold voltages

and surface-state densities for the MOS capacitors fabri-

cated using various dielectrics. The surface-state densi-

ties of MOS capacitors published in other reports have

ranged from 10 11 to 1012 states/cm2 . As Table VIII shows,

the surface-state densities of the MOS capacitors fabri-

cated in this research project were in this range also.

The lowest surface-state density was for the thermally-

grown silicon dioxide capacitors. The e-Gun evaporated

films gave higher surface-state densities. The reason for

this is attributed to traps in the oxide for the e-Gun

evaporated silicon dioxide films. For the e-Gun evaporated

aluminum oxide films, the surface-state densities are only

approximate since the metal-semiconductor work function

difference for silicon dioxide capacitors was used in the

density calculation.

Bias-Temperature Tests

Bias-temperature tests were made on the MOS capacitors

previously fabricated and measured. After measuring the
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Table VIII. Summary of Threshold Voltages and Surface-
State Densities for MOS Capacitors Using
Various Insulators.

Silicon
Type

Type
of

Insulator

Total
Insulator
Thickness

(II)

Threshold
Voltage
(volts)

Qss

q

(cm
-2

)

Thermal 0.1 3.0 2x10 11
SiO

2

P E-Gun SiO
2

0.2 2.5 5x1011

P E-Gun Al2 0
3

0.1 3.5 8x10
11

P E-Gun SiO
2

on thermal SiO
2

0.1 3.5

P E-Gun Al2 0
3

on thermal SiO
2

0.1 1.0

N E-Gun SiO
2

0.1 -4.0 6x10 11

N E-Gun Al2 0
3

0.2 -7.5 10
12

N E-Gun SiO
2

on thermal SiO
2

0.1 -6 ?

N E-Gun Al
2
0
3

on thermal SiO
2

0.1 -5
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initial C-' characteristics, the capacitors were heated to

300 °C, and a positive nine volts bias was applied to the

aluminum electrodes of the capacitors. The +9 volts bias

was allowed to remain on the heated capacitors for 15 min-

utes, and then the capacitors were quickly cooled. C-V

characteristics were again measured for the capacitors.

Then, the capacitors were again heated to 300°C, and a

negative bias of nine volts was applied to the aluminum

electrodes. This -9 volts bias was also applied to the

heated capacitors for 15 minutes, and then the capacitors

were quickly cooled. The C-V characteristics were again

measured.

Figure 21 (see also Tables XXV and XXIX of the

Appendix) shows an example of these bias-temperature tests

for thermally-grown silicon dioxide capacitors. As Figure

21 indicates, the C-V curve shifted two volts to the left

of the initial characteristic after the positive bias test

and shifted back to the right by one volt after the nega-

tive bias. The shifting C-V characteristics show that

there are some mobile impurity ions present in the oxide.

Table IX shows the results of the bias-temperature

tests for the MOS capacitors with various dielectrics. As

can be seen from this table, the maximum C-V voltage

shifts occurred for capacitors with e-Gun silicon dioxide

films. The minimum C-V voltage shifts occurred for the

capacitors with e-Gun aluminum oxide dielectric films.
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Initial
characteristic

-9 volts bias
at 300°C
for 15 min.

+9 volts bias
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Figure 21. Bias-temperature tests on thermally-
grown silicon dioxide MOS capacitors.

0 = 2 volt displacement to left of initial
curve.

CD = 1 volt displacement to left of initial
curve.



Table IX. Bias-Temperature Results for MOS Capacitors Using
Various Insulators.

Silicon
Type

Type of Total
Insulator Insulator

Thickness
(.t)

Original
VT

(volts)

VT after +9
volts bias
at 300°C for
15 min.

(volts)

VT after -9
volts bias
at 300 °C for
15 min.
(volts)

p

p

p

p

p

Thermal SiO
2

0.1

E-Gun SiO
2

0.2

0.1E-Gun Al2 0
3

E-Gun SiO
2

0.1

on thermal SiO
2

0.1E-Gun Al2 0
3

on thermal SiO
2

3.0

2.5

3.5

3.5

1.0

1.0

-0.5

3.0

1.5

0.5

2.0

2.0

3.5

3.0

1.0

N

N

N

N

E-Gun SiO
2

0.1

0.2E-Gun Al2 0
3

E-Gun SiO
2

0.1

on thermal SiO
2

0.1E-Gun Al2 0
3

-4.0

-7.5

-6.0

-5.0

-8.0

-8.0

-7.5

-6.0

-5.0

-7.5

-6.5

-5.0
on thermal Si02
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This was true for both n- and p-type silicon substrates.

The capacitors with thermally-grown Si02 films and two-

layer dielectric sandwich films had voltage shifts in

between these limits. In all cases, the maximum C-V volt-

age shifts were no more than four volts and the minimum

voltage shifts were no less than one-half volt.

From these results, it appears that the annealed e-Gun

aluminum oxide films produce the most stable MOS capaci-

tors. The surface-state densisites of the capacitors with

e-Gun evaporated films are of the same magnitude as the

surface-state densities for thermally-grown silicon dioxide

MOS capacitors. The threshold or turn-on voltages for all

the various dielectrics studied were close to each other.

It appeared that the annealed e-Gun Si02 capacitors and

the e-Gun Al2 0
3
-thermal SiO

2
capacitors had the lowest

threshold voltages.
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VII. EVALUATION OF MOS FIELD-EFFECT TRANSISTORS
FABRICATED USING E-GUN EVAPORATED DIELECTRICS

An active semiconductor device which has been gaining

much popularity the last few years is the MOS field-effect

transistor. This type of transistor is a unipolar device

in that it uses only one type of carrier for current con-

duction. The MOS transistor I-V characteristics are quite

similar to the characteristics of a pentode vacuum tube.

MOS transistors have much larger input impedances than

other conventional transistors. For these and other

reasons, MOS transistors are ideally suited for digital

circuit applications as well as many other electronic

applications. For a very complete treatment of the theory

and applications of MOS field-effect transistors, see the

recent book by Wallmark and Johnson (44).

The most commonly used gate insulator in MOS transis-

tors is thermally-grown silicon dioxide. Much time has

been spent by researchers in improving the stability of

MOS transistors. If the transistors are not carefully

fabricated, large numbers of surface states and mobile

impurity ions in the insulator will make the devices un-

usable. Silicon nitride is another insulator which has

been widely studied for use in MOS transistors. Silicon

nitride is reported to be more resistant to radiation;

and sodium ions are reported to be less mobile in it than

in silicon dioxide.
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A brief discussion of the theory and operation of

the MOS field-effect transistor will follow. Much more

detailed theory and discussion of MOS transistors are

given, for example, in Grove (15) and Wallmark and Johnson

(44).

The MOS Field-Effect Transistor

A cross section of a typical MOS transistor is shown

in Figure 22. In this example, a p-type silicon substrate

is used. Two n+ regions, the source and drain, are dif-

fused into this silicon substrate. The region between the

source and drain is under the influence of a metal field

plate or gate which is separated from the silicon surface

by an oxide insulating layer.

Source Drain
0 0

Gate

MIL
/42! L 1/41t)

oxide

silicon
substrate

metal
47---ohmic

contact

Figure 22. Cross section of a typical MOS
transistor.
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In this project, only enhancement-type transistors

will be considered. The operation of the MOS transistor

is dependent on the same surface behavior as the MOS capac-

itor. With zero or negative gate bias, electron conduction

between the source and drain is very low. If a large

enough positive voltage is applied to the gate, the surface

of the underlying p-type silicon can be inverted and a con-

ductive n-type channel can be induced connecting the source

and drain. The channel has a length, L, in the direction

of current flow (from drain to source), a width, Z, per-

pendicular to the current and parallel to the surface, and

a depth perpendicular to the current and perpendicular to

the surface. The conductivity of this channel can then be

modulated by varying the gate voltage.

Again as for the MOS capacitors, the turn-on voltage

at which conduction begins in an MOS transistor depends on

the surface preparation of the silicon and the type of

gate insulator used. The interface surface states and the

mobile impurity ions in the insulator should be kept as

low as possible.

The I-V characteristics of the MOS transistor are

very dependent on the geometry of the transistor. The

mutual transconductance gm of the transistor is:

aiD

gm VD = constant (15, p. 326)
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where I
D = drain current

V
G = gate voltage

VD = drain voltage .

For a fixed geometry, the transconductance can be calcu-

lated by:

gm = L Ilco (VG-VT) (15, p. 326)

where Z = channel width

L = channel length

= effective carrier mobility in the channel

C
o = oxide capacitance/unit area

V
T = turn-on voltage.

Thus, for any fixed oxide dielectric thickness, the trans-

conductance of the transistor is dependent on the type of

oxide used. Oxide films with higher dielectric constants

would be expected to give higher transconductance values.

MOS transistors with aluminum oxide as the dielectric

Layer should have higher transconductancesthan transistors

using silicon dioxide films of the same thickness. At the

same time, the input capacitance of the aluminum oxide

dielectric transistors would be higher than the silicon

dioxide dielectric transistors.

MOS Transistor Fabrication

All of the MOS transistors in this experiment were

fabricated using polished silicon wafers for substrates.

Both n- and p-type silicon were used. The p-type (100)
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silicon substrates had 0.4 ohm-cm resistivity

(NA = 6 x 1016 cm-3) and the n-type (11i) silicon sub-

strates had ten ohm-cm resistivity (ND = 5 x 101
4

cm
-3

).

The substrates were cleaned by the procedures discussed

previously under "Experimental Procedure."

After the cleaning procedure, the substrates were

oxidized in dry oxygen (at a rate of 2 cfh) for eight

hours at 1100°C in an oxidation furnace. This produced a

4200 A thermally-grown silicon dioxide layer on the sili-

con surface. After oxidation, the substrates were removed

and allowed to cool. Source-drain openings were then made

in the silicon dioxide layer using an appropriate photo-

graphic glass mask, AZ-1350 positive photoresist and 4:1

buffered HF. After etching, the photoresist was removed

by ultrasonic agitation in reagent acetone for ten min-

utes. The silicon substrates were then rinsed in reagent

acetone, boiled in deionized water for ten minutes and

rinsed in deionized water.

After the substrates were dried using dry nitrogen,

they were placed in the appropriate diffusion furnaces.

For the p-type substrates, phosphorus nitride (P3N5) was

used as the phosphorus source material. For the n-type

substrates, boron nitride (BN) was used as the boron

source material. The diffusion furnace was heated to

950°C and dry nitrogen was used as the carrier gas. The

diffusion was an open-tube method and the diffusion time



113

was 20 minutes.

After diffusion, the substrates were removed from the

furnace. They were boiled in deionized water for ten min-

utes and etched in 4:1 buffered HF for 15 seconds to remove

the heavy phosphorus or boron deposit on the surface of the

silicon and silicon dioxide. Gate openings were then

etched in the silicon dioxide using the appropriate glass

photographic mask, photoresist, and 4:1 buffered HF. After

etching, the photoresist was removed by ultrasonic agita-

tion in reagent acetone for ten minutes. The substrates

were scrubbed with acetone using a cotton swab and then

rinsed in acetone. Next, they were boiled for ten minutes

in deionized water, rinsed in deionized water and dried

using dry nitrogen.

For thermally-grown silicon dioxide gate dielectrics,

the silicon substrates were oxidized for 30 minutes in dry

oxygen (2 cfh) at 1100 °C in an oxidation furnace. For the

vacuum deposited films, the silicon substrates were placed

in the vacuum system. Silicon dioxide and aluminum oxide

films of 1000 A thickness (0.1 micron) were e-Gun evapo-

rated onto the heated substrates (350°C) at slow evapora-

tion rates. The films were then annealed in dry nitrogen

for ten minutes at 1100°C. For the two-layer dielectric

films, the silicon substrates were first placed in the
0

oxidation furnace for five minutes to grow 300 A of

thermal silicon dioxide; and then they were placed in the
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vacullm system where 700 A of silicon dioxide or aluminum

oxide was e-Garl evaporated on top of the thermal S102.

These films were then annealed in dry nitrogen for ten

minutes at 1100C.

For the substrates containing silicon dioxide layers,

source-drain metal contact holes were then etched through

the dielectric films using the appropriate glass mask,

photoresist, and 4:1 buffered HF. For the aluminum oxide

gate films, a more complicated etching technique was used

since aluminum oxide etches very slowly in buffered HF.

Since silicon dioxide films had been evaporated on top of

the aluminum oxide films, source-drain holes were first

etched through the silicon dioxide layer using conven-

tional photoresist techniques. Then, source-drain holes

were etched through the aluminum oxide layer with 185°C

phosphoric acid using the silicon dioxide layer as a mask.

Finally, the silicon dioxide layer was completely etched

off the top using buffered HF. The substrates were then

ultrasonically washed in acetone, rinsed in acetone,

boiled for ten minutes in deionized water and rinsed in

deionized water.

After the substrates were dried with dry nitrogen,
0

they were placed in a small vacuum system where 5000 A

of aluminum was filament evaporated on the front side of

each substrate to provide electrical contacts to the

transistors. The aluminum was then etched off the
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substrates except for the transistor connections) using

the appropriate mask photoresist, and. aluminum etch

(80 parts H3PO4 : 16 parts H2O : 5 parts HNO3). The photo-

resist was removed using acetone and the substrates were

rinsed in deionized water,

After the substrates were dried using dry nitrogen,

the back side of each substrate was lapped, The substrates
0

were cleaned and 5000 A of aluminum was evaporated on the

back side of the p-type substrates while copper was plated

on the back side of the n-type wafers. This was to provide

ohmic contacts to the substrate. The MOS transistors were

thus completed and ready for testing.

MOS Transistor Evaluation

The MOS transistors previously fabricated were evalu-

ated by measuring their -V characteristics with a Fair-

child 6200-B curve tracer. An example I-V characteristic

for an MOS transistor with e-Gun evaporated silicon diox-

ide gate dielectric is shown in Figure 23. The vertical

axis is the drain current and the horizontal axis is the

drain voltage. The source was at ground potential and

the substrate was also grounded. The substrate was

grounded for all the measurements taken. The transcon-

ductance of this transistor was 2200 ilmhos at V
G

= 8

volts and the turn-on voltage for 10 1a of drain current

was VT = 1.5 volts.
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Figure 23. Drain current-voltage characteristics
of an N-channel MOS transistor using
e-Gun evaporated Si02 as the dielectric.
Drain breakdown at 15 volts.
gm = 2200 umhos at VG = 8 volts.
V
T = 1.5 volts at 10 ILa drain durrent.
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Table X shows a summary of the electrical properties

for MOS transistors with various gate dielectrics. All the

transistors measured operated in the enhancement mode. The

source and substrate were both grounded for these measure-

ments.

As Table X shows, the turn-on voltages of the N-chan-

nel transistors (p-substrate) varied from 1 to 2.5 volts.

The P-channel transistors (n-substrate) had threshold volt-

ages which varied from -4 to -7 volts. These values are

similar to the turn-on voltages of the MOS capacitors in

the previous chapter.

Each silicon substrate contained about fifty MOS tran-

sistors. The I-V characteristics of the transistors on

each substrate were very uniform except for the transistors

near the edge of the substrate which were damaged by

tweezer handling during the fabrication of the transistors.

The ideal channel dimensions of the MOS transistors

are length L = 1/4 mil and width Z = 16 mils. The effec-

tive electron mobility of some typical N-channel devices

has been reported by Wallmark and Johnson (44, p. 140) to

be approximately 220 cm2/v-sec. Similarly the effective

hole mobility of P-channel transistors has been reported

to be approximately 170 cm
2
/v-sec. Thus, for 0.1 micron-

thick oxide dielectric films, the calculated transconduct-

ance of N-channel MOS transistors fabricated using silicon

dioxide is 2900 mhos while the calculated transconductance



Table X. Summary of Electrical Properties of MOS Transistors Using VariousDielectrics. All Transistors Operate in the Enhancement Mode.

Type Type Total gm VT (volts) Total Leakageof of Dielectric at Channel CurrentChannel Dielectric Thickness (4mhos) I

D
=104a Resistance at

(4) (ohms) VG =O

N Thermal SiO
2

0.1 2300 2.0 250
N E-Gun SiO

2 0.1 2200 1.5 300
N E-Gun Al2 0

3 0.1 5000 1.0 200
N E-Gun SiO

2
0.1 2000 2 . 5 300

N E-Gun Al2 0
3

on thermal SiO
2

0.1 2100 1.5 275

P E-Gun SiO
2 0.1 2000 -7 200

P E-Gun Al2 0
3

0.1 4800 -5 250
P E-Gun SiO

2

on thermal SiO
2

0.1 2400 -5 225

P E-Gun A1203 0.1 2300 -4 300
on thermal SiO

2

i<14a
i =14a

i.<14a

i = 14a

i< 14a

i < 1p,a
i< 14a

i<14a

i< 14a
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for aluminum oxide dielectric transistors is 6500 Ilmhos.

The calculated transconductance for P-channel transistors

fabricated using silicon dioxide films is 5000 p,mhos while

the transconductance for transistors with aluminum oxide

films should be about 2200 wahos. This is assuming a gate

voltage of eight volts and a turn-on voltage of two volts.

As Table X shows, the transconductances for the N-

channel transistors using silicon dioxide films varied

from 2000 to 2300 limhos. The transconductance for the

aluminum oxide transistors was about 5000 ',mhos. These

low values for the N-channel transconductance could arise

from several causes. First, the oxide thicknesses could

]be a little larger than the measured values. Another pos-

sible reason for these lower transconductances is lower

effective electron mobilities. If there were some surface

states at the interface of the oxide-silicon, this would

decrease the mobility of the carriers. The transconduc-

tances of the P-channel transistors were much closer to

the calculated values. For the silicon dioxide dielectric

transistors, the transconductances varied from 2000 ilmhos

to 2400 Ilmhos. The transistors with aluminum oxide dielec-

tric films had transconductances of 4800 timhos. The sand-

wich layers also produced transconductances in the same

range as the silicon dioxide dielectric transistors.

At low drain voltages, the I-V characteristics are

linear and the channel is essentially ohmic. The total
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channel resistance in this linear region was measured for

the MOS transistors. As Table X indicates, this resistance

varied from 200 to 300 ohms for the various transistors.

These values are consistent with the other published re-

ports on MOS transistors.

The leakage currents at zero gate bias were measured

using the curve tracer for the MOS transistors. As Table

X shows, this current was always equal to or less than

one [ia. One µa is the minimum sensitivity of the curve

tracer.

Bias-Temperature Tests

Bias-temperature tests, similar to the ones performed

on the MOS capacitors, were conducted on the MOS transis-

tors. The turn-on voltages at ten microamperes drain

current were initially measured for the MOS transistors

using the curve tracer. The transistors were then heated

to 300°C, and a positive bias of nine volts was applied to

the gates of the transistors for 15 minutes. Next, the

transistors were quickly cooled; and the turn-on voltages

were again measured and recorded. The transistors were

again heated to 300°C, and a negative bias of nine volts

was applied for 15 minutes. The transistors were quickly

cooled and the turn-on voltages were again measured. The

results of these temperature-bias tests are shown in

Table XI.



Table XI. Results of Bias-Temperature Tests on MOS Transistors Using Various
Dielectrics. VT, Turn-On Voltage, Measured at I

D = 10

Type
of

Channel

Type
of

Dielectric

Total
Dielectric
Thickness

(11)

Initial
V
T

(volts)

VT after
+9 volts at

300°C for 15 min.
(volts)

VT after
-9 volts at

300°C for 15 min.
(volts)

N

N

N

N

N

Thermal SiO
2

E-Gun SiO
2

E-Gun Al2 0
3

E-Gun SiO
2

on thermal SiO
2

E-Gun Al2 0
3

on thermal SiO
2

0.1

0.1

0.1

0.1

0.1

2.0

1.5

1.0

2.5

1.5

0

-2

0

0.5

1.0

1.5

1.0

1.0

2.0

1.5

p

p

p

p

E-Gun SiO
2

E-Gun Al2 0
3

E-Gun SiO
2

on thermal SiO
2

E-Gun Al2 0
3

on thermal SiO
2

0.1

0.1

0.1

0.1

-7

-5

-5

-4

-10

-5.5

-6

-5

-8

-4.5

-4

-4
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As Table XI indicates, the most stable transistors

were the ones using e-Gun aluminum oxide and e-Gun aluminum

oxide on thermal silicon dioxide. The voltage shifts for

positive bias varied from 0.5 to one volt for the two types

of transistors. The transistors either partially or fully

recovered their original I-V characteristics after the

negative bias. The transistors which had the largest turn-

on voltage shifts were the ones with e-Gun evaporated sili-

con dioxide. These voltage shifts varied from three volts

up to 3.5 volts. The characteristics of these transistors

were also partially recovered after the negative bias test.

The rest of the transistors had turn-on voltage shifts

which fell in between these maximum and minimum limits.

The maximum turn-on voltage shift for any of the transis-

tors measured was about four volts. This voltage shift

indicates that there are some mobile impurities in the

oxide dielectric films, but the number of ions is rela-

tively small.

From the results of the tests performed on the MOS

transistors in this project, it appears that the annealed

e-Gun evaporated aluminum oxide films gave the most stable

transistor characteristics. This agrees with the results

obtained for the MOS capacitors. The transconductances

of the MOS transistors with aluminum oxide dielectrics were

over twice as large as the transconductances of the tran-

sistors with silicon dioxide dielectric films of the same
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thickness. Similarly, the input capacitances of the alumi-

num oxide dielectric transistors were over twice as large

as the input capacitances of the silicon dioxide dielectric

transistors. The ohmic channel resistance and the leakage

currents at zero gate voltage for all the MOS transistors

were about the same magnitude. The turn-on voltages of all

the MOS transistors were quite close.
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VIII. CONCLUSIONS

Vacuum evaporated dielectrics for use in MOS struc-

tures were studied in this project. Dielectric films were

deposited on substrates by electron bombardment evaporation

of sapphire and quartz source materials. These deposited

films were studied using infrared spectroscopy, index of

refraction, density, and dielectric constant measurements.

Etching tests were also conducted on the dielectric films.

Annealing (a heat treatment) of these films was also tried.

From the results of these tests, it was concluded that

suitable aluminum oxide and silicon dioxide films could be

obtained by e-Gun evaporation. The best results were ob-

tained for slowly evaporated films on substrates heated

above 200°C. Better films were obtained after annealing

for ten minutes at 1100°C in dry nitrogen.

The infrared spectra of these annealed aluminum oxide

and silicon dioxide films were close to the published re-

ports on the spectra of A1203 and Si02. The adhesion of

the evaporated films was excellent for all substrates

heated above 200 °C. The various substrates used in this

project were glass microscope slides, silicon, germanium,

and gallium arsenide. Polished semiconductor substrates

were better than unpolished substrates.

The average indexes of refraction of the annealed

aluminum oxide and silicon dioxide films were 1.67 and
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1.44 respectively. These values are close to the published

values of A1203 and Si02. The approximate densities of

the annealed aluminum oxide and silicon dioxide films were

4 and 2 respectively. The average dielectric constants of

the annealed aluminum oxide and silicon dioxide films were

8.9 and 3.8 respectively. These values are close to the

published values for A1203 and Si02.

The annealed aluminum oxide films were found to etch

about 20 times faster in 185°C phosphoric acid than in 4:1

buffered HF. Conversely, the annealed silicon dioxide

films were found to etch about 20 times faster in 4:1

buffered HF than in 185°C phosphoric acid. Using these

results, the annealed silicon dioxide films were used for

an etching mask for aluminum oxide in semiconductor device

fabrication.

The breakdown field strength of the evaporated films

was quite high. The breakdown field strength was usually

greater than 106 v/cm for about one ua of current.

The diffusion masking properties of the e-Gun evapo-

rated silicon dioxide and aluminum oxide films were

studied. The evaporated films were tested for the masking

of phosphorus and boron diffusion into silicon, of gallium

and indium diffusion into germanium, and of zinc diffusion

into gallium arsenide. From the results of these tests,

it was concluded that both films will effectively mask the

diffusion of all the above mentioned impurities. The
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aluminum oxide films were better diffusion masks than the

silicon dioxide films because they were more impervious to

the diffusion of impurities. It required significantly

thinner films of aluminum oxide to effectively mask the

diffusion of all the impurities studied.

The e-Gun evaporated films of aluminum oxide and sili-

con dioxide were used to fabricate MOS capacitors. Both

annealed aluminum oxide and silicon dioxide produced good

capacitors. The threshold voltages for inversion of the

surface and the surface-state densities of the MOS capaci-

tors were studied using capacitance-voltage measurements.

Automatic measuring equipment was assembled to automati-

cally plot the C-V characteristics of the MOS capacitors.

This saved many hours of tedious measurement with a capac-

itance bridge. From the results of these experiments, it

was found that the threshold voltages of all the capacitors

studied were quite close. The surfacestate densities of

the evaporated films were in the same range as has been

reported for thermally-grown silicon dioxide. From bias-

temperature tests, it was concluded that aluminum oxide

films produced MOS capacitors which were relatively stable.

The capacitors fabricated using evaporated silicon dioxide

were less stable under bias-temperature tests.

The e-Gun evaporated films were used in the fabrica-

tion of MOS transistors. The electrical properties of

these transistors were studied using I-V characteristics.
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Both annealed aluminum oxide and silicon dioxide dielec-

trics produced good transistors. Aluminum oxide films

produced transistors with transconductances which were

twice as large as the transconductances of the transistors

with silicon dioxide films of the same thickness. Simi-

larly, the input capacitance of the MOS transistors using

aluminum oxide as the dielectric was twice as large as the

input capacitance of the transistors using silicon dioxide

films of the same thickness. The evaporated aluminum

oxide films produced transistors which were relatively

stable under bias-temperature tests. The transistors

using evaporated silicon dioxide films were less stable

under bias-temperature tests, a possible reason for this

being that impurity ions are less mobile in aluminum oxide

than in silicon dioxide. This was previously indicated

from the results of the diffusion masking tests.
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IX. SUGGESTIONS FOR FURTHER RESEARCH

The amount of time available to complete most research

projects is usually limited. After evaluating the results

of this project, the author could see many areas where

further research could be conducted and where improvements

could be made to the vacuum evaporation and film evaluation

techniques. Some of these suggestions are given below.

1. A multiple- source e-Gun should be used for evapo-

rating several types of films for each vacuum system pump-

down. This would allow evaporation of two-dielectric sand-

wich layers and allow e-Gun evaporation of aluminum for

metallization purposes.

2. A more accurate method should be used to measure

the thickness of the thin films. There are several tech-
0

niques which give accuracies on the order of ± 10 A.

These methods require much more elaborate apparatus and

require careful calibration of this equipment. One such

method is called VAMFO and is discussed in Burger and

Donovan (6, p. 85).

3. X-ray spectroscopy should be used to examine the

evaporated films for possible crystalline structure. At

substrate temperatures above 500°C, there is the possi-

bility of obtaining some form of crystalline structure in

the dielectric films.

4. Research should be done on other insulators such
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as magnesi m oxide and calcium fluoride for use in MOS

dev ces. These films might produce better devices.

5. The metal-semiconductor work function difference

when aluminum oxide is used as the insulating layer should

be determined accurately by experimental methods. Then, a

more accurate surface-state density could be determined for

MOS devices which use aluminum oxide as the dielectric film.

6. A very thorough investigation of the chemical pro-

cessing techniques for MOS devices should be made. The

chemical processing methods for MOS devices currently

being used by industry have originated from a trial-and-

error technique. The effect of each chemical used in the

fabrication of MOS devices should be systematically inves-

tigated.

7. The possibility of using MOS capacitors for light

detectors should be more thoroughly investigated. Several

reports have appeared on the change of the inversion region

capacitance with varying light intensity. It appears that

there might be some way to use this feature of the MOS

capacitor for light detection purposes.

8. Another type of vacuum deposition method that

could be used for depositing insulating layers is R.F.

sputtering. This method has been used greatly the last

couple of years by industry for evaporating multi-layers

of metals. It looks like a very good method for deposit-

ing insulators. The possibility of decomposing
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insulators would be greatly reduced by R.F. sputtering.

The major disadvantage is the cost of the equipment re-

quired for this method.
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Table XII. Film Thickness Versus Deposition Monitor
Frequency for Silicon Dioxide Films.
Source-to-Substrate Distance was 30 cm.

Pressure = 10 -5 torr. Glass substrates were used.
Substrate temperature = 350°C. Three separate samples were
Beam current = 25 ma. taken for each frequency.

Deposition
Monitor Fre-
quency (KHz)

Measured
Oxide

Thickness
(A)

Mean
Oxide

Thickness
(A)

Standard
Deviation
from Mean

(A)

95%
Confidence
Interval

(A)

5.9x102
0.30 5.9x102 4.9x102 +4x102 +4.3x102

3.0x102

8.8x102
0.65 8.8x102 10x102 +1.5x102 +4.6x102

12x102

12x102
0.80 12x102 13x102 +1.4x102 +5.2x102

15x102

21x102
1.30 21x102 20x10 2

+1.4x102 +4.3x102
18x102

29x102

1.65 26x102 28x102 ±1.7x102 +5.2x102
26x102

47x102
2.60 47x102 46x10 2 +1.4x102 +4.3x102

44x102

59x102
3.60 59x102 60x102

+1.4x102 +4.3x102

62x102

88x102
5.20 85x102 86x102 +1.4x102 +4.3x102

85x102

10x103
6.50 10x103 loxio3 +0 +0

10x103
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Table XIII. Film Thickness Versus Deposition Monitor
Frequency for Aluminum Oxide Films.
Source-to-Substrate Distance was 30 cm.

Pressure = 10-5 torr. Glass substrates were used.
Substrate temperature = 350°C. Three separate samples were
Beam current = 90 ma. taken for each frequency.

Deposition
Monitor
Frequency

(KHz)

Measured
Oxide
Thickness

(A)

Mean
Oxide

Thickness
(A)

Standard
Deviation
from Mean

(A)

95%
Confidence
Interval

(A)

3.0x102
0.50 5 9x102 4.9x102 ±1.4x102 +4.3x102

5.9x102

12x10 2

1.0 8.8x102 10x102 +1.5x102 +4.6x102

8.8x102

21x102
2.0 18x102 20x102 +1.4x102 +4.3x102

21x102

32x102
3.0 29x102 31x10 2 +1.7x102 +5.2x102

32x102

38x102
4.0 41x102 40x102 +1.4x102 +4.3x102

41x102

50x102
5.0 50x102 50x10 2 +0 +0

50x102

61x102
6.0 59x102 60x10 2 +1.0x102 +3.0x102

61x102

71x102
7.0 71x102 70x10 2 +1.4x102 +4.3x102

68x102
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Table XIV. Example Calculation of Arithmetic Mean and
Standard Deviation.

Example numbers were taken from sample 1 of
Table XII.

1. Arithmetic Mean:

1
(40, p. 45)

where R = arithmetic mean of sample

x. = sample value

N = number of samples

= 1/3 (5.9 x 10
2
+ 5.9 x 102

+ 3.0 x 102 )

2 °= 4.93 x 102 N 4.9 x 10 A

2. Standard Deviation:

=

S =

i-
Z (xi X) 2

1 1
N (40, p. 70)

where s = standard deviation

2(5.9x102
- 4.9x10 2

)
2 + (3.0x10 2 - 4.9x102

)2

3

102
°s = ± 1.37 x 102 iv + 1.4 x 10 A
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Table XV. Example Calculation of 95% Confidence Interval
using the "Student's" t Distribution.

From Hoel (25, p. 150):

t
0.975 w < X + t

771 0.975 N-1

where X = sample arithmetic mean

= 95% confidence coefficientt
0.975

s = standard deviation

= true population mean

N = number of samples

For N = 3, t
0.975

= 4.303

1.4x10
2

thus t
0.975 - 4.303

°= 4.3x10 2
A

4.9x102 - 4.3x102 < p < 4.9x102 + 4.3x102

2 ° 2 °0.6x10 A < µ < 9.2x10 A

Thus, we can say with 95% confidence that the true

population mean lies within these values.
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Table XVI. Average Deposition Rate Versus E-Gun Input
Power for Silicon Dioxide and Aluminum Oxide.
Source-to-substrate distance was 30 cm.

Pressure = 10-5 torr. Silicon substrates
Substrate temperature = 350°C. were used.

Beam Input Film Deposition Average
Sample Current Power Thickness Time Deposition

(ma) (watts) (A) (min.) °Rate
(A/min.)

Silicon Dioxide

A 20 80 5300 8.20 650

B 50 200 5300 7.10 750

C 100 400 5300 4.10 1300

D 150 600 5300 2.10 2500

E 200 800 10,000 2.33 4300

F 250 1000 10,000 1.33 7500

Aluminum Oxide

G 40 200 0 5 0

H 90 360 1800 7.2 250

I 150 600 5300 5.3 1000

J 200 800 5300 2.6 2000

K 500 1000 10,000 2.5 4000
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Table XVII. Index of Refraction Measurements for E-Gun
Silicon Dioxide and Aluminum Oxide.

'2\ = 5890 A (sodium light)

Metallized
Sample Fringe

Displacement
(No. Fringes)

Oxide Non-Metal- Index
Film ized Fringe of

Thickness Displacement Refraction
(A) (No. Fringes)

Silicon Dioxide

A 1.8 5300 0.8 1.44±0.05

B 1.8 5300 0.8 1.44+0.05

C 1.8 5300 0.9 1.50+0.05

D 1.8 5300 1.0 1.55+0.05

E 3.4 10,000 1.9 1.56+0.03

F 3.4 10,000 1.9 1.56+0.03

Aluminum Oxide

H 0.6 1800 0.4 1.67+0.1

1.8 5300 1.3 1.72+0.05

J 1.8 5300 1.3 1.72+0.05

K 3.4 10,000 2.6 1.76+0.03
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Table XVIII. Example Calculation of the Index of
Refraction for E-Gun Silicon Dioxide
and Aluminum Oxide.

For metallized samples:

d = p
2

(4, p. 1206)

For non-metallized samples:

.2\

d q 2(n-1)
(4, p. 1207)

thus, n = 1 +

where n = index of refraction

q = non-metallized fringe displacement

p = metallized fringe displacement

For sample A:

0.8n = 1 + TT- = 1.44 ± 0.05

The accuracy is + 0.05 since the accuracy of the

fringe measurement = + 0.1 .
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Table XIX. Density Measurements for E-Gun Silicon
Dioxide and Aluminum Oxide.

Area of substrate = 1 cm
2

.

Weight of substrate = 25 mg.

Sample
Oxide Weight
Film of Density

Thickness Oxide (g/cm3)
(A) (mg)

Silicon Dioxide

A 5300 0.1 2

B 5300 0.1 2

C 5300 0.1 2

D 5300 0.1 2

E 10,000 0.2 2

F 10,000 0.2 2

Aluminum Oxide

H 1800 0.1 5

I 5300 0.2 4

J 5300 0.2 4

K 10,000 0.3 3
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Table XX. Dielectric Constant Measurements for E-Gun
Silicon Dioxide and Aluminum Oxide.

Capacitor area = 2 x 10-3 cm2
.

Bias voltage = +20 volts. n-type silicon
Measurement frequency = 100 KHz. substrates
Signal amplitude = 100 my p-p.

Sample
Oxide Average
Film Measured Dielectric

Thickness Oxide Constant
(A) Capacitance

(Pf)

Silicon Dioxide

A 5300 12.5 3.7 ± 0.2

B 5300 12.7 3.8 ± 0.2

C 5300 13.4 4.0 ± 0.2

D 5300 13.7 4.1 + 0.2

E 10,000 7.6 4.3 ± 0.1

F 10,000 7.6 4.3 + 0.1

Aluminum Oxide

H 1800 86.5 8.8 ± 0.8

I 5300 28.4 8.5 + 0.5

J 5300 28.4 8.5 ± 0.5

K 10,000 14.7 8.3 ± 0.3
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Table XXI. Example Calculation of the Dielectric
Constant for E-Gun Silicon Dioxide and
Aluminum Oxide.

K c A
o o

C
o

= X
(15, p. 272)

where K
o
= dielectric constant

C
o
= oxide capacitance

E
o
= permittivity of vacuum

(8.85 x 10-14 f/cm)

A = area of capacitor

X
o
= oxide thickness

C X
Thus, K

o
= E A

o

o

o

(12.5 x 10
-12

)(5.3 x 10 -5)
= 3.7K

o
=

(8.85 x 10-14)(2 x 10-1 )

K
o

= 3.7 + 0.2

Accuracy is +0.2 since thickness measurement
0

accuracy is +295 A.
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Table XXII. Etching Tests on Films of E-Gun Evaporated
Silicon Dioxide and Aluminum Oxide Before
and After Heat Treatment.

Deposition Rate = 650 A/min. for silicon dioxide.
= 250 A/min. for aluminum oxide.

Substrate temp. = 350°C. Pressure = 10-5 torr.

Sample Heat Average
Treatment Film

Thickness
(A)

Full Full
Etching Etching
Time Time

P-Etch Buffered
(sec.) HF

(sec.)

250 A
Etching
Time
185°C
H3PO4
(min.)

Silicon Dioxide

1

2

3

None
1200

10 min N2,1100°C

None
2100

10 min N2,1100°C

None
5300

10 min N2,1100°C

40

240

70

420

190

1320

30

50

60

90

160

240

11.4

41.5

13.9

50

13.9

50

Aluminum Oxide

None4 900

10 min N
2' 1100°C

None5 1200

10 min N2,1100°C

None6 1800

90

150

100

150

165

200

225

900

300

1200

450

1800

0.5

2.5

0.6

2.1

0.5

2.5
10 min N2,1100 °C



Table XXIII. MOS Capacitance Versus Bias as Obtained
with C-V Plotter and with a Boonton
Electronics 75C Capacitance Bridge.

Boonton Capacitance Bridge 75C

V
ac

= 100 my peak-peak

f = 100 KHz

Capacitance Plotter

V
ac

= 5 volts peak-peak

f = 25 KHz

146

VG
(volts)

Avg.
Measured
Capacitance

(Pf)

-20 21.70

-15 21.66

-10 21.60

-8 21.45

-6 21.38

-4 21.21

-2 19.86

0 15.62

2 13.90

4 13.86

6 13.88

8 13.89

10 13.88

15 13.89

20 13.90

VG
(volts)

Avg.
Measured
Capacitance

(pf)

-20 21.7

-15 21.7

-10 21.6

-8 21.4

-6 21.4

-4 21.2

-2 19.9

0 15.6

2 13.9

4 13.9

6 13.9

8 13.9

10 13.9

15 13.9

20 13.9
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Table XXIV. Capacitance-Voltage Measurements for Silicon
Dioxide Films in MOS Capacitors.

E-Gun Si02 on Top of Thermal
Si01,P-Type Silicon (100)

NA = 6 x 1016 cm-3

X
o

= 0.1

Cox = 54.0 pf

f = 25 KHz
V
T = 3.5 volts

Aluminum Contacts

Annealed E-Gun Si02 (100)
P-Type Silicon

NA = 6 x 1016 cm-3

X0 = 0.2 4

C
ox = 25.4 pf

f = 25 KHz
V
T

= 2.5 volts

Aluminum Contacts

V
G

(volts)

Avg.
Measured
Capacitance

(Pf)

Avg.
C/Co

-10 54.0 1.0

-8 54.0 1.0

-6 53.5 0.99
-4 51.0 0.95

-2 46.0 0.85

0 41.0 0.76
2 36.0 0.67

4 31.5 0.58
6 31.5 0.58

8 31.5 0.58
10 31.5 0.58

V
G

(volts)

Avg.
Measured
Capacitance

(Pf)

Avg.
C/C

o

-10 25.2 0.99

-8 24.8 0.98

-6 24.2 0.95

-4 23.0 0.91

-2 21.6 0.85

0 20.2 0.80
2 19.2 0.76

4 19.0 0.75
6 19.0 0.75

8 19.0 0.75

10 19.0 0.75



Table XXV. Capacitance-Voltage Measurements for

Thermally-Grown Silicon Dioxide in MOS

Capacitors.

P-type silicon (100) NA
= 6 x 10

16 cm
-3

X
o

= 0.1 µ C
ox

= 21.6 pf

V
T

= 3.0 volts Aluminum contact
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VG
(volts)

Avg.
Measured
Capacitance

(pf)

Avg.
C/Co

-10 21.5 1.0

-8 21.4 0.99

-6 21.2 0.98

-4 20.0 0.93

-2 17.2 0.80

0 14.0 0.65

2 12.0 0.56

4 11.8 0.55

6 11.8 0.55

8 11.8 0.55

10 11.8 0.55



Table XXVI. Capacitance-Voltage Measurements for MOS

Capacitors.

Annealed E-Gun Al 2 30.4P-Type
Silicon (100)

NA
= 6 x 10

16 cm
-3

X
o

= 0.1 p,

Cox
= 120 pf

f = 25 KHz

VT
= 3.5 volts

Aluminum Contacts
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Annealed E-Gun Al2 0
3

on
Top of Thermal
Si0-*P-Type Silicon (100)

2

NA
= 6 x 10

16 cm
-3

Xo = 0.1 p.

Cox
= 110 pf

f = 25 KHz

V
T

= 1.0 volt

Aluminum Contacts

V
G

(volts)

Avg.

Measured
Capacitance

(pf)

Avg.

C/C0

-10 120 1.0

-8 119 0.99

-6 118 0.98

-4 113 0.94

-2 92.5 0.76

0 69.5 0.58

2 50.5 0.42

4 45.0 0.38

6 45.0 0.38

8 45.0 0.38

10 45.0 0.38

VG
(volts)

Avg.

Measured
Capacitance

(Pf)

Avg.

C/Co

-10 110 1.0

-8 110 1.0

-6 108 0.98

-4 103 0.94

-2 78 0.71

0 52 0.47

2 40 0.36

4 40 0.36

6 40 0.36

8 40 0.36

10 40 0.36
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Table XXVII. Capacitance-Voltage
Measurements for Silicon

Dioxide Films in MOS Capacitors.

E-Gun SiO 2 on Top of Thermal

SiO 2

N-Type Silicon (111)

ND
= 5 x 10

14 cm
-3

Xo
= 0.1 11

Cox
= 52 pf

f = 25 KHz

VT
= -6 volts

Copper Contacts

Annealed E-Gun SiO
2

N-Type Silicon (111)

ND
= 5 x 10

14 cm
-3

Xo
= 0.1 11,

Cox
= 45 pf

f = 25 KHz

V
T

= -4 volts

Copper Contacts

VG Avg. Avg.

(volts) Measured C/C0
Capacitance

(Pf)

VG Avg. Avg.

(volts) Measured C/Co
Capacitance

(Pf)

-14 6.0 0.12

-12 6.0 0.12

-10 6.0 0.12

-8 6.0 0.12

-6 7.0 0.13

-4 20 0.39

-2 33 0.64

0 48 0.93

2 51 0.98

4 52 1.0

6 52 1.0

-14 5.8 0.13

-12 5.8 0.13

-10 5.8 0.13

-8 5.8 0.13

-6 5.8 0.13

-4 6.2 0.14

-2 21 0.47

0 40 0.88

2 43 0.95

4 44 0.98

6 45 1.0
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Table XXVIII. Capacitance-Voltage
Measurements for

MOS Capacitors.

Annealed E-Gun Al2 30.-*N-Type

Silicon (111)

ND
= 5 x 10

14 cm
-3

X
o
= 0.2 4

C
ox

= 52 pf

f = 25 KHz

V
T
= -7.5 volts

Copper Contacts

Annealed E-Gun Al2 0
3

on

Top of Thermal
Si024N-Type Silicon (111)

ND
= 5 x 10

14 cm
-3

Xo = 0.1

Cox
= 47 pf

f = 25 KHz

VT
= -5 volts

Copper Contacts

VG
(volts)

Avg.
Measured
Capacitance

(pf)

Avg.
C/Co

-14 6.2 0.12

-12 6.2 0.12

-10 6.2 0.12

-8 6.2 0.12

-6 8.2 0.16

-4 11.5 0.22

-2 28.0 0.54

0 48.0 0.92

2 51.0 0.98

4 52.0 1.0

6 52.0 1.0

V
G

(volts)

Avg.
Measured
Capacitance

(pf)

Avg.
C/Co

-14 6.0 0.13

-12 6.0 0.13

-10 6.0 0.13

-8 6.0 0.13

-6 6.0 0.13

-4 12 0.26

-2 30 0.64

0 43 0.92

2 46 0.98

4 47 1.0

6 47 1.0
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Table XXIX. Bias-Temperature
Measurements on Thermally-

Grown Silicon Dioxide MOS Capacitors

Initially Tested in Table XXV.

P-Type Silicon (100)

NA
= 6 x 10

16 cm
-3

X
o

= 0.1

Cox
= 21.6 pf

Aluminum Contacts

+9 volts bias at 300°C
for 15 min.

-9 volts bias at 300°C
for 15 min.

VG
(volts)

Measured
Capacitance

(Pf)

C/Co
V
G

(volts)

Measured
Capacitance

(Pf)

C/Co

-10 21.0 0.97 -10 21.2 0.98

-8 20.6 0.95 -8 21.0 0.97

-6 19.5 0.90 -6 20.6 0.95

-4 16.6 0.77 -4 18.0 0.83

-2 13.4 0.62 -2 15.1 0.70

0 11.5 0.53 0 12.5 0.58

2 11.2 0.52 2 11.5 0.53

4 11.2 0.52 4 11.5 0.53

6 11.2 0.52 6 11.5 0.53

8 11.2 0.52 8 11.5 0.53

10 11.2 0.52 10 11.5 0.53
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Table XXX. Sample Calculation of Surface-State Density.

AV =
QSS-

ms C
0

(22, p. 155)

for p-type silicon with NA = 6 x 1016 cm-3

and 0.2 4 e-Gun Si02 ,

AV = 5.3 volts

(1) = -0.95 volt
ms

C
o

= 17.3 x 10
-9 f/cm

2

Qss - 5.3 - 0.95 = 4.35 volts

N
4 Coss Qss
q q ( Co

(17.3 x 10-9) (4.35)
N
ss 1.6 x 10-19

N = 5 x 10
11 cm-2

ss


