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ABSTRACT

This thesis concerns ttself with- thn design end Implementation
of an electron beam 11thography system. A novel m1crocomputcr-eontrollod
vccto;-scan pattern generator was constructed and {nterfaced to a
commercially avaflable scanning electron microscope (SEH) A software
moni tor program was 1ncorporatcd into the 8- b1t microcomputer, which
allows pattern data entry in decimal coordinates via a keyboard/display
interface, and subsequent storage of the coded data on cassette tape.

The usable scan field size for accurate pattern exposure in the
Stercoscan Mark I1 A SEM has been determined to be lmm x~Imm. The
electron beam lithography system was used to scan a 1 GHz surface acoustic
wave (SAW) delay line pattern, which featured a tota) of 480 fingers,
each 7,680 A in width Polymethy1methacry1atc (PMMA) e1ectron sensitive
resist was used for the pattern exposures, and a linear charge density
of 1. x 10 C/cm was used. The 11ft- off fabrication process was used .to
obtain the final device circuii features. The resulting delay 1ine
exhibited an untuned insertion ]oss of 24.3 dB and was subsequently.
1ncorporated 1nto ‘the feedbaék 1oop of an amplifier with excess gain to
form a SAW oscillator,

Several other c{rcdit pattere; were scanned, 1nclyd1ng e 2 GHz
SAW delay 1ine with 3000'3 1inewidths, and sub-micron buI.e memory T-I
bar circuits. Details of all the scenninq parameters are given, along

with the pattern exposure results.
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CHAPTER 1
) ‘ INTRODUCT ION

1.1 Background

In the past two decades, the electronics industry has experienced
a phenomena1 growth.'both in volume and technological innovations. The
reasons for this surge can be'narrowed down to two fmportant factors,
one being the 1nvent1on of the transistor, and the other being the mini-
aturization of electronic devices and circuits. The recent trend in °
micro-miniaturization has been to use electron beam (E-beam) or X-ray
techniques to define the circuit patterns, thus  overcoming the inherent
Timitations of lidht optics due to the wavelength of visible 1ight.
Since the effectiverwaveTength of electrons_(<] R) is many times smaller
than that df 1ight, an e]ectron beam can readi]y be used to.define sub-
micron geometries with h1gh resolution and accuracy, given the proper
exposure conditions and contro; electronics

The current minimum feature size for integrated circuits 1n mass-
production 1s in the 2-4um range. Optical techniques are presently st111
be1hg dsed. howe&ér. électron beam exposure systems are anticipatéd for
mass production fechniques by the ear1y 1880's. There are several driving
forces beh1nd this trend: an- ever- increasing demand to shrink circuit
dimensions, and the 1nev1tab1e 11m1tat10n on optical resolution of 1um
over sma11 areas, (a few mm ) ~ To the manufacturer, these smaller
c1rcu1t d1mensions translate 1nto4g chip with 1ncreased density, thereby

~ featuring less external connections. higher reliabil1ty. fncreased func—




tions pér area, and an eventual decrease in cost. it the single device
Tevel, the decreased dimensions o# the circuit usually translate into an
increase 1n operating frequency, with surface acoustic wave (SAU)'and
field effect transistor (FET) devices beina primarv examples.

There are a limited mumber of E-lLeam microfabrication facilities
in the world today, and several are Jisted {n Table 1.1 [1], [2]. The
majority of these systeﬁ% were custom built as research tools, to study
the problems associated with the entfre 1ithographic process., In each
case, the eventual goal was to produce a machine which éou]d resolve

2um and below pattern features at mass-production rates. At the present

t1me. this goal has not yet been reached. Although electron 11thoqraphy

has been developed rather extens1ve1y fn the past ten years, the through-.

put demanded by the manufacturing industry to make E-peam systems econo-
mically viable is sti11 not possible. The few conmmrcia};jithography
systems which have recently appeared on the market are primarily inten-

ded for the production of master masks, for use in subsequent ultravio)et

exposure systems. The high cost of these systems rules but their use as -

& pure research tool for most Institutions, As a result, the research
effort in electron 11thography is concentrateq at the facilities listed
1n Table 1,1,

The large expense associated with thelE-beam systems 1s due to
several factors, the chief one being the amount of research maney poured
into the projects to develop the relative]y new technology. Teams of
specialized ungineers. physicists and technicians were required to
tackle the prob1ems. and as a result. totally new E-beam columns wera

designed from the ground up, supported by sophisticated new electronic

— P e T e
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TABLE- 1,1

Electron Lithography Facilities

System Name

Comments

Toshiba, Japan
NTT/Hitachi,

Japan

VEB Carl Zeiss of
Jena, East Germany

JEOL, Japan
Texas Inst., USA

Bell Labs, USA

.. 1BM, USA

Hughs Research,
USA

- Etec Corp., USA

Varfian Associdteﬁ.
USA

Bell Horthern
Research, Canada

Cambridge Scientific

Inst., England

Philips, Hatherlands

Cooreratfve Laboratory,
]

EBM-105

ZBA-10
JBX=6A

EBNIT
EBES

EL)
Vs

. MEBES

EBIMG~20

Resolution
Tum. ¢ ,Tum .
lum over
2mm x 2mm

Tum £ ,lum

S—

Tum

.25um address
2.5um :..éum
«Sum,over

3mm x 3mm

<lum

+25um address

w25um address

2um

Tum

«Tum

commercial, raster
scan (1979) -

vector scan, -
chmercial

mask production

direct-on-wafer
high throughput

research

direct-on-wafer
vector scan

vector ‘scan
1icensed from

Bell Labs

licensed from
Bell Labs

fast turn around
vector scan

commercial

commercial,
vector scan



systems, Powerful, fully-supported minicomputer systems are used to
control all the relevant functions, usually with meqabyte disc storage

and the use of high level languaqges such as Fortran,

1.2 Scope of this thesis : o

This thesis concerns {tself with the design and testing of an
E-beam Iithographie system.‘which utilizes an existing scanning electron
microscope (SE!) facility., The primary contribution of this work {s the
design of a SEI pattern generation system which {s {nexpensive, extreme-
1y flexible, simple to use, and easily adaptable to a conmercial?y-avai]-
able, SEil,

The reasons for the high costs of electron 11thographic equip-
ment were studied in detai) by the author, and an analysis was then made
of the 1ndividual systeh components to determine their function and re-
levance to the Lasic operation of the machine. The final desiqgn of the
author's pattern generator was based on the results of this analysis. and
also with the consideration that fhe end user will be affiliatad with a
research institution (university or small firm) which already has access
to a commercially-made SEM. In some cases, only minor modifications are
necessary to the SEM 1n order- for 1t to he used as an experimental elece
tron 11{thography system. The availability of a facility such as- this to
most research institutions would be a great asset, primarily in the area
of davica resaearch as well as eiectron beam studies. This would allow
the theoretica) designs of sub-micion devices to be put .to practice, thus
‘providing a necessary Tink between theoretical predictions and experimen=-

tal results., One further advantage of this systen is that 1t can equally

—— e = s



well be used to fabricate small-arca master masks, which would offsol
the time and expense of using the E-beam system for pach device indivi-

dually. a

The available literature too often masks‘out the important de;

tailed fabrication steps, usua]Iy_for propricetary reasons. Therefore, a
further contribution of the thesis 1s the step-by-step procedurc neces-
sary for the successful fabrication of a sub-micron 1inew{dth devfce.
The completed pattern generator was put to the test by fabricating a

1 GHz SAW detay line, which {involved scanhfng 480 sub-micron-sized 1ines
in a scan field of less than 1 mm square. The delay Tine was subsequent-
ly plébed in-the feedback loop of ﬁn anplifier with excess qain to form
a stable UHF oscillator. Turther experimehtation was carried odé.to de-
monstrate both the high resolution potential of the system. and also the
flexibility of the pattern def1n1t1on/generat1on process by scanning

2 Gliz SAW delay lines dnd bubble memory structures. Al) test results
and procedures are documented. and further suggestions as to system im-
provement in design and use are summarized 1n the f1na1 _hapter of this

thesis, : ’



CHAPTCR 2 e

HIGH RLSOLUTION LITHORRAPHY: A DPEVIEY

2.1 . Introduction

A brief review will he q1§en in this chapter of the various high
resolution 1ithography techniques which are currently in use or available
to the n1croe]ectron1cs Industry., The Jelevance of C-beam 11thography
compar;Q to the other techniques will then be discussed, primarily in the
context of replacing existing 11thographic schemes in the near future.
The necessity and 1mportancc of fhe’qoals of sub-micron 11tﬁoqraphy will
be stressed in order to just1fy the concentration on E-beam systems .- _The
basic principlcs of a SEN will be presented, since this thesis concerns
1tself with the application of a SEM to E-beam 11thography. The differ-
ence between custom-designed systems and one centering around a commer-
cially avatlable SEi! wil) also be clarified. Finally, state of the art
E-beam 1ithography systems will be presented, so that appreciation can be
gained for the relevance of the author' s system in the field of micro-

]

yﬂectrom Cs sresearch and production,

2.2 Lithoqraphy Schemes

Al m1croe1ect}on1c circuits, whether of the integrated type, or
the single dev1ce type, require some form of pattern trnnsfer to defiue
the basic structure on a substrate. Regard]ess ‘of the technoIogy being

incorporated {nto the device (eg. CNos, SOS CCD SAN or Bubble Domain),

6
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certain planar shapes must at some point be desianed and fabricaged. such -
that the resulting technoloay/shape combination #1elds the desired re-
sponse.  These shapes may ranqe from siaple 1ine qratings right up to
complex arrangements of lines .and rectanqles at varfous anqles, and 1§th-
ography is the gene;al term which is used to descrive the process whereby
these shapus are defined on a substrate surface. .
In the majority of microelectronic app]ications. the substrate is
f]at. and hence the 1{thographic steps and subsequent processing are re-
ferred to as a planar technology, The role of the substrate 1s to provide

a base for the patterned c1rcu1f. vhich may or may not depend on ;he ma-

terial properties of the substrate Ttself. The sinplest substrate con-

‘figuration (eq. glass) merely provides a smooth, flat support for the

planar circuit structure, while most other conf1gurat10ns rely on an {n-
timate re]at1onsh1p between the substrate and the corresponding circuit
features, This relationship is dependent on-severa) factors, such as
proximity, regions or area of ové;Iap. o;jentation. substrate and circuit
mat%rial properfies. and type of interface (eg. ;urfacé or implantation),
Once phe appropriate pattern has'been-designed. either\manually_qr with
compuéﬁr-aided~téchn1ques. one has a 1ist of numbers which'rcphesent }he
two diuensional coordinates of the various circuit faaturas {extarnal
boundaries) At this stage, there are several possible techniques avail-
able to the dus1gner for transferring the required circuit pattern onto.

the substrate surface, The simplest and most common technique used to

achieve this transfer invelves the coating of the substrate with a photo-

sensitive materta) called photoresist, followed by the optical imaging

" of the original pattern or "mask" {usually made largor than the final



A

reqﬁired size) onto the substrate. Following tﬁis exposurci the'photo-
sensitized substrate is developed and the positive or negative of the. .
original pattern now exists on its surface, definpd in photoresist. This
completes the 1ithoqraphic aspect of the device fabricatfbﬁy.qng the sub-
strate is then ready for further processing, such as netal evaporation or
plasma etching. '
) The-basic principles of the lithographic process are f1lustrated
1n FMgure 2,1 for a 1ine qrating exposure, although the process is valid
for any arbitrary shapes and confiqurations, The key feature to nate s
that a mask is being used, which means that at some staae the pattern
data points had to be transfqrmed 1nt0 a two dimensional picture of the
pattarn. usually enlarged on ruby]ith (a material with a thin, removable
opaque layer bhased on a tranqurent plastic sheet}., The various methods
of using a mask for exbosure differ mainly in the éreas of mask proximity
to the rosi;t-coated substrate, the type of exposure radiation used, and
the use (or absence) of optics in the process. '
A list of the major types of Tithography for h1gh resolution ap-
plications s given in Table 2.] [3]. Projection pr1nt1ng requires high-
precision lenses for focussing the mask pattern onto the substrate, This
results in a very expensive system in order to achieve 1um resolution,
and for smaller 11new1d;hs. the arca of coverage is inherently very small
due to optical lens 1imitations (eg. .5mm x .5mm). The mask patterﬁ is
usually defined on rubylith or thick glass plates and back- ]1t. with the
- lens demagnifying the or1q1na1 pattern by some 1nteqer factor to yfeld
the final desired linewidth.
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TABLE 2.1 _
High Resolution Lithographic Techniques

Technique Resolution Comments
Projection Printing -9um over 8mm dia. nan-contact 0pt1ca1_
imaging
Shadow Printing -4um over 10cmx10cm intimate contact required,
conformable mask -
lum large area close contact, hard mask
Holographic Récording. 800 A over gratings-ohly

several centimetors

—

Electron Lithography = 80 K.over Tmmx 1mm software mask ;%__%_;:> 2

4000 3 over 10cmx10cm  registration and
: accurate table control

o o *
X-Ray Lithography 3000 A requires E-beam
over standard wafers generated masks

T o ——— ..

.
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Sﬁadow printing eliminates the need for optics between the mask
and substrate sjnce 2 1:1 exposure 1s made with the mask 1n close contactr
with the resist-covered substrate. There are qgenerally two versions of
shadow printing in use: c¢lose contact and conformable photomask, The
close contact technique utilizes thick (~1.5mm) glass masks placed di-
rectly onto the photoresist surface, and accuracy and resolution are 1{-
mited by factors such -as proximity, substrate surface flatness, resist
film 1rr§gu1ari£ies. and incident radiation collimation. Damage to both
the mask and the substrate {s very prevalent with this method, due to

surface irregularities, An offshoot of this method which overcomes these

"problems 15 the conformable mask technique, By incorporating a thin,

flexible glass mask, 1t is possible to achieve intjmate contact over the

entire surface area and even around surface 1rre§u1ar1ties. The contact

1s achieved by use of a vacuum in a3 specfal jig which forcos the mask

tightly OVef the substrate surface, while the flexibility of the mask
automatically accounts for any non-flatness or obstaclg;‘on the surfdcé.
The lithographic techniques mantfoned up to this-point an require an
original, usually énIarged mask from which the resulting pgttern 1s de-
velaped. These masks are prepared by cutting the feqture perimeters into
rubylith on a machine, either by hand‘or uhdeﬁ computer controi. which
could take hours; depending on pattern complaxity. The abpropriate 'cut’
areas must then be‘fifted'off by hand, a very long and tedious task as

well. Once a rubxli?h mask 1s1fiﬁisﬁéd. any desired.alteration (1nvol-

ving bccuracy)'can ohly be made by generating an entirely new mask.

llolographic recording [3] 1s'a technique which makes use of the

'faif,thqg\any two coherent 11ght sources, which meat at a known angle to
) &

| Y
!
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eacih other, will produce 1nterference.fr1nqos with spacing qiven by

d = 3/2 sin(as2) R (2.1)
where ) = wavelenqgth of source in A

= = angle between two beams in radians
Short~wave1ength laser Tight is used as the source, and extremely stable

mounts are needed for the reflecting optics in order for this technique

. to prodh;u usable results 1in exposing Ehe photoresist, The prime disad-

vantage of this T thograpiiy system {is that it ig suitaﬁie only for line
grating exposures, ' -

‘ Electron beam Tithography digresses frqm_conventionél photolitho-
graphic techniques 1n several advantageous Ways. With the exception of
flying sﬁot Scanner systems, electron heam.masks are softwafe-obiented,
rather tﬁan ?hysical objects. Hence the nuﬁgérs reprgsenting the pattern
coordinates can be used directly to ganerate .a required pattern, via.a
computer-controlled scan. of an elactron bgam.e The focussed electron beam
1s. used fo expose'tﬁa rosist layer on the supstrate sUrface. with the
beam dfaneter directly determining tha ultimate ruﬁolutidn and minimgm
Tinewidth ;tta1nable. The'ghth of the beah. and wﬁethar 1t 1s on or off,
can be controlled by a computer, and hence a pattern 1s yritten directiy
onto the substrate, eltminating any intermediate szhp§. Resoiutipn and

accuracy is ekcei?ent for a small, fiiod field of vjéw {eg. 1mm x Tmm),

" and positional }agistraﬁion accuracies of £1000 R have b en quoted [2]

for the rore complex step and repeat.syStems. At present the throughput



¢ rate for S-beam systems is still behind ‘that of conventional photolitho-

graphy, but further research into new electron-sensitive resists and-;:an-
' : ning systems will close the gap. Pattern changes can be effected quickly,
simply ay ahanging the software program or data, and stmilarily the resul-

" ting changes in device performance can be measarea sooner, since many in-

. termediate processing steps have been elimimated. Several variatigAs ex-
ist in E-beam systems as to how the pattérhn:;}a is exposed to-th sub-
Strate. An earlier method, which makes use of a physical mask, 1is ca]led
a flying spot scanner system. Essentially, the mask is attached to the

J face of a large high-resolution cathode ray tube (CRT)-and the focussed
CRT beam 1s raatered across the patternnﬁﬁ synchréﬁism with the electron
beam in the SEM column. Whenever the CRT beam is blanked by;an opaque

-f) feature on the ma;k, the electron beam is correspondingly blanked to rep-
‘1icate the features onto the substrate surface. This raster.scan approach
Is also used without the flying spot scanner. system, and beam on/off points
are controlled by computer software The most popular and effdcient tech- -
nique is the vector scan system, where only those Tines whith need to be
exposed are actually 'scanned.

X -ray 1ithograpfy relies on the straightness of an emitted X- ~ray
beam and its corresponding Tow diffraction. The method consists of f]ood-‘
1ng a mask with X-rays suchathat the transditted rays expose the desired .{
pattern(gato the substrate, which is not 1n close contact with the mask.

The small wave]ength and low diffraction of X- -rays allow high resolution
replication of sub-micron features from a special mask, despite the rela-

- tively large distancé between the mask and substrate. This technique -is

well suited for mass production because of its para]]é] nrbquSing'feature,;~
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Vo

however, ‘% showﬁjﬂje noted that an E-beam system 1s.required tnitially
for the f:dricat of the mask. The X- -ray process is still plagued with
problems, aUCh as long exposure times and initia?l a11gnment grrors between

the mask cnd the substrate

4

2.3 Basics of Scanning Efectron Microscope (SEM) Operation

Tte basic structure and operation of a SEM wil) be discussed 1n
this section, along with relevant points concerning its application in an
E-beam 11z ography system Figure 2.2 lustrates the basic SEM features. '
An analysis will be made starting at the top of ‘the SEM column with the

e]ectron cun.

1

Tha electron gun prov1des the source for the electron beam, and
this 1s acnfeved in a number of ways, The most common method is that of
thermionft emission, where electrons escape from a materia] when it is
e1evated to sufficibnt1y high temp”ratures A typica] seTf biased elec-
tron gun'[4] Is shown schematically in Figure 2.3. The filament is usu-

,%lT}?made of tungsten, and is shaped into a hairpin formation to allow

N electr%gs §o escape from t?e tip. Electroﬂﬁ)are emitted from the fi]ament

;*nheg the tungsﬁen is heated to approximately 2700°K and the resu]ting

current dEHSjgi‘J com1ng from the cathooe can be expressed by Richardson 3

(Law as B ' - 4

J = AT2 exp(éEw/kT) A/cm2 S - . (2.2)
VO " o

\“““ohéré A=a maftr;ai-dependent constant in A/cm2°K2L

T = the emission temperaturefin °K

.l r‘—_.f

™o

e
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"k = Boltzmann constant (8.62x10"seV/°K)

Ew = the work function for the material in ey
For tungsten, at a temperature of 2700°K, A = 60A/cm2°K2 and Ew = 4,5eV,
yielding a current density at the tip of 1.75A/cm2. The emitted electrons
are then ;cce]erafed toward the anode since a large écce]erat{ng potential
exists between the filament and the anoderleual1y from 1 to 50 kV. A
grid cap, called the Wehnelt cylinder, is negatively biased by several
. hundred volts with respect to the filament. This grid is posjt1oned and
biased in such a way that the accelerated eTectrons are forced to converge
to a crossover point with width d, and divergence angle «,, at some point

- below the grid. The maximum current density at this crossover point is
given by _ é _

\/be 41y /nd, ' (2.3)

where 1b is the beam current measured from the filament

-

The most useful parameter which indicates the efficiency of an eﬁectron
gun s its brightness, 8, which is defined in terms of a solid angle
through which the maxfmum beam current flows, and can be'expnessed as

B = 41b/('ﬂ'do“o)2 . (2-4) -

-

and g = JceEolnET A/eme steradian (2.5)
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where Jc current density at cathode (2.2)
Eo = accelerating voltage in volts
e = electronic charge, 1.602x1071° ¢

Bp = Maximum attainable brightness

The relationship between beam current and brightness [4] is 11lus-

rated in Figure 2.4 (a)‘as.a function of bias voltage appl%ed to the
Wehnelt. Too High abeas hcs the effect of inhibiting the electron flow,
while a low bias causes appreciable defocussing. The peak of the bright-
ness curve is the optimum:operat1ng point. Once a beam current is chosen,
it 1s desired to have a stable gun such.that fluctuations in the' beam cur-
rent do not occur.” The self-bias arrangement satisfies this requirement
by'saturating the filament, as shown in Figure 2.4 (b). Typical values

of these parameters for a convehtional SEM are

do

4

25 to- 100um
3x10”3 to 8x1073 radians

]
o
'

™
[ ]

160,000 A/cm’ steradfan - (for E, = 25 kY and J. = 1.75 Aen?)
100 to 200uA | B

—t
o
e

Another type of eiectron gun 1s based on a LaB6 {(1anthanum hexa-

bor1de) rod which has a much smaller work function (E = 2.4eV) and con-

sequentIy produces a source up to ten times brighter than that of tungsten.

Several problems hinder its full acceptance. including high vacuum re-

~ quirements and evaporation of the rod, but these problems are slowly being

solved. The rod- 1s usually Imm square and has one end milled to a 10um |

L,
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point for emission purposes. Since La86 cannot support high currents as
tungsten can, the rod must be indirectly heated with a tungsten heater-
coil wrapped around it. A Tong operating life, several orders of magni-
tude greater than that of tungsten, 1s another advantageous feature of
the LaB6 source, along with high brightness, making it attractive for 1i-
thograpth applications.

A third electron source is based on the field emission gun, which
uses a hagh electric field to force the electrons from a small (200 to
2000 A) tungsten tip. A dual anode configuration is used to obtain and
focus the electrons. This source is very attractive for beam sizes under
300 &, but otherwise it has many problems which rule out 1ts use in re-
placing conventional thermionic sources. Extremely high vacuums of 10']0
torr are required, and the fragilg'cathdde tips are relatively unstable
under ﬁorma] operating conditions, making this type of source unsuitabIe
for.E-beam 11ithography applications.

One or two condenser lenses usually follow the eléctron gunwwhich
serve to demagnify the 25 to 100um source, and also determinq:the beam
current reaching the sample. The final or objective lens is déuq to dé-
termine the final beam size and hence the focus. The schematic of an
axtally symmetric e1ectromagnet1c lens is shown 1in Figure 2.5 (a), and
part (b) i1lustrates the relationship of ;he components of'magnetic field
intensity to the axial distaﬁce through the tlens. A'focussing action oc-
‘curs on an electron moving through the lens due to its interaction with
the magnetic field set up by the coil. The force exerted on the moving

electron is given by the vector relationship [4]

N\ B
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Figure 2.5 (a)

(b)

Schematic of axially symmetric electromagnetic

lens. [4)

Components of magnetic field intensity vs.
axial distarice. (4]
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F = -e(VXE) N | (2.6)

where e = electronic charge, 1.602x10°1° ¢

v = velocity of electrons (vector) in m/sec.

Tj
n

magnetic field intensity vector in A/m

o

denotes the vector cross product

The lens is constructed with a gap S thch separate; the north
and south pole pieces of the lens, and a bore diameter D which allows
entry of the diverging beam from the orevious crossover po1nt The mag-
netic field lines are shown in Figure 2.5 (a) along with the correspond1ng
equipotential lines, and the demagnification from d, to d1 is ilustrated
and can be verified by applying (2.6) to each ‘electron trajectory. The
intensity of the magnetic field is directly proportional to NI, where N
is the number of turns in the solenoid and I s the current flowing
through the lens. Therefore the focus point can be chenged by varying
the lens current, since the focus is inversely prOpert1dnal to the magne-
tic field intensity. o -

Figqfe 2.6 1llustrates schematieally the inter-relationship of
the objective Yens with the preceding condenser lens. The demagnffica-
tion factor M S;e-the condenser lens is defined as §, /Si' where 'S, is the
gﬂstance ‘from the previous crossover point to the 1ens gap, and Si is the

ariable distance out to the focus point. The image size is given by

Meo. A

*

S/S',

d1 = do/M, and the resulting divergence.angle is given by =y

similar demagnification occurs for the objective lens with M
—_—

kY
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By increasing the current to the condenser lens, the focal point disfance

f' shortens, resulting in a broadentng of the divergence angle =;. Since
the beam limiting aperture size is fixed, the effect of decreasing the
condenser lens focal length is to decrease the beam current. Any change
in current to the .objective lens results in a direct control of the beam
Spot size and focus. The distance from the bottom pole piece of the ob-
Jective lens to the sample surface (under focussed conditions) is termed
the working distance, and usually varies from 5 to 25mm to allow samp]es
to be scanned outside the magnetic field range of the lens,

The bore of the objective lens {s usually made large enougﬁ for

a pair of scanning coils to fit inside, which are used to déf]eét-the e-
lectron beam over the‘sample'fn a predetermined fashion. Post-lens de-
flection coi1s also. exist for specialized purpdses, and in general, there
exist a great var1ety of deflection configurations and techniques. The
final scanned spot size is directly related to the beam current, which

can be expressed as [5]

i, = [nd ] eE Jc“ | (2.})

bl

where d = Gaussian spot size

[1°]
a

electronic charge

accelerating potential in V

Eo

Fa
u

Boltzmann constant

—
a

cathode temperature in °K

2
cathode emission density in A/cm

s
n
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= = semi-angular aperture

As with all lens systems, the electron column has certain aber-
rations associated with it, along with diffraction effects. These aber-
rations have the effect of increasing the final minimum spot size from
its theoretical value, and also introduce distortion when scanning over

a sample. The resulting final beam diameter can be expressed as [5]

- _\/r_-Z 2 2 2 o :
de = [d +d ifz;;if ] A | (2.8)
\1’
d 1.22x/=  diffractipn disk of confusion
2 . d = Ccc

= 1 o
where|dS E'Cs

(=%
n

« = divergence ang]e'at {mage plane in radians

12.26 2
E,’; :

P
n

electron wavelength 7

The terms Cs and Cc respectively represent the.spherical and chro-
matic aberration coefficients of the magnetic lens, and are usua}ly ex- |
pressed in ecm. The lower these coefficient values are, the better the
quality of the lens. In order to obtain the maximum beam current for a

given beam diameter, (2,7) and (2.8) can be combined to yield the opti- (*rf—'

. mum- aperture for obtaiﬁQng this condition, whith can be expressed as
; | S - de 1/, ' N :
: _ “opt f;i radians .(2r9) /
S . ‘ .
o - . with'ds (optimum) = def2

v
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‘ The relationship of final beam diameter to current under optimum aperture
conditions is i1lustrated. 1n Figure 2.7 [4] for both tungsten and LaB
Since the value of « is much smu?ler for an electron optica] lens thany
for any 1ight microscope Iens. the resulting depth of field is improved
by a factor of up to 100x for the SEM. This factor becomes impartant in
E- beam ]1thography systems when dealing with non- -flat substrate surfaces,
f When an electron beam impinges on a sample surface, a number of
electron/material 1nteractions can take place, some of which are 1Mus-
trated in Figure 2.8 [6]. For the purposes of E-beam lithography, only
the back -scattered and absorbed electron interactions will be cons1dered
tn this thesis. For standard SEM imaging, the back-scattered electrons
are detected and the resultfng'%igna] is prdcessed to yield an image of
the sample. The most popular type of detector used to collect the back-
scattered and secondary electrans is the scinti?]ator-photomultip]1er
type, commonly referred to as an Everhart - Thornley detector. This type
of detector relies on a scintillation material which emits 1ight when
struck with high-energy electrons. The light is then. guided by a Tight
pipe to a photomultiplier which greatly amplifies the incident energy and
produces an output signal proportional to the number of collected elec-
trons. The scintillator is: usially biased with a high positive voltage

as depicted in Figure 2.9, “to al]ow efficient col]ection of the 1ow-energy

secondary electrons. A Faraday cage, with a low bias appiied to it, is \\

1ncorporated around the scintillator to prevent 1nteraction betwaen the
‘dncident electron beam and the high scintillator ‘bias potential.
| The output of the photomultiplier is processed with a v1deo amp-

lifier which in turn drives a high resolution CRT. The scan generaton_,

9« .
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drives both the E~beam deflection coils and the CRT spot. synchroron]y,

while the output of the Everhart - Thornley detector is used to -adulate

the inten51ty of the CRT dispiay, thus creating ar:inwge of the scanned

area on the sampie surface. Also shown in Figure 2.9 is a speciren cur-

rent meter which monitors the level of absorbed electrons in the sample. .
This can also be used to modulate the CRT display for certain apciications,
however, "for E-beam 1ithography the sbeeimen current reading is used pri-
marily to give an indication of the electron beam current magn,i tude.

The SEM mode of operation in an E beam system is important for
1ithography applications since the substrate must be aligned to he scan
field for proper orientation and dimensional correspondence. The back- Jrh
scattered/eiectron siqna] 1s used 1h the aiignment procedure, and aside
from the/resuﬂtant CRiidispiay, a Y-modulated oscilloscope trace is use-
ful in displaying th p051tion-dependent intensity of the detected signal

-for each line scan. ‘;

1gnal displayed on the oscilloscope is useful
for implementation in computerized or automated a]ighment systems for
1ithogra hy machines. Normally the eiectroh_aeam is scanned in naster fa-
shion r the required square area on the sampie in the SEtt mode. Since
‘\most lithography systems incohoorate computer control of a digital scan
generator, the electron beam no longer has to adhere to a raster scan
format.j This allows totai flexibility in the method‘of alignment in the
- SEM mode, and a]so for the method otabgttern generation in the lithography
mode. One basic addition to the standard SEM for 1ithographic purposes -
| is a beam bianking mechanism. to allow the beam to be turned on and off
without upsetting the electron gun stability Most Tithography systems

employ either an electromagnetic coii or electrostatic p]ates. somewhere

e B e T o

e e T .
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between the electron gun aﬁd the first or second condenser lens, Hﬁﬁch,
when ehepgized, Qi11 force the beam quickly off its axis,

The basic purpose of a SEM is to produce an undistorted -ignified
'1mage of a sample's surface with uTtimate attainable reso]ut1on= el
below the 1um level. The basic purpose of an E~beam Tithography syst Eff}(
is to produce undistorted circuit features onto a resist-coverad samp |
with ultimate resolution also well below the Tum leval. It is evident
that the two afore-mentioned systems have similar goals, which ra<es the
SEM app]icatfon to lithography a feasible venture, as long as cerzain
design differences are appreciated and accounted for [17].

2.4 State of the Art Systems

Many E-beam 11thograph1c systems have been built to date, as
111usfrated,by the examples given in Table 1.1, Some of these systems
have been deve1oped around a commercially available SEM, with minor modi-
f1catiens made, [7]-[9], while otheréihave been designed from the ground
_up as speciaiized‘lithography machines only [10], [11], [15].

The simplest configuration for a pattern generator which the
author has come across in the 11teratufe consists of a paper tace reader/
translator developed by Dix [12]- A schematic -of the pattern generator
is given in Figure 2.10. A paper tape reader is- the main source of pat-
tern data input to the control]er. which is hardwired to detect and exe-
cite 1nstruct1ons according to a fixed coding scheée The genera&er is
basica11y set up to scan rectang1es of var1ous sizes,. orientedéé;Ih §1des

para]le] to the X and Y axes only. and defined by four coprdin

X, Y - centre of rectangle, 10 bits each
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M, H - width and height of rectan@]e; 8 Eits each

The data format on the paper tape is similar to a;numerica] con-
trol format, and eight bytes (8 bits Tong) of punched data are needed to
define each rectangle, which are. read by the reader in 16ms. This slow
rate of data input limits the ultimate writing speed of the pattern.géﬁe-
rator. The best resolution obtained with the system's 10 bit digital-to-
analog (D/A) converters was 0.5um, over a 100um x 100um field of view.

No reference is given as to how the source data is generated, since the
pattern generator only reads-in prepared tapes and Has_no memory or soft-
ware control of any kind. Facilities for the variable cbntro] qf tﬁe

B/A clock rate, while scanning, as well as alignment procedures, are not
available. | -

Wolf et al. [12] have implemented a unique pattern generator de-
sign which incorporates both digital and analog drive circuitry, as illus-
trated in Figure 2.11. The digital point-by-point exposurés are reservéd
for all high resolution sections of a pattern, while the analog ramp ge-
nerators are used for the low resolution or f151-1ﬁ.sect1ons. This tech-
nique is designed to minimize. the performance required of the individual
pattern generator components for a given overall level of system perfor-
mance. It was also des1gneq to maximize the throughput rate, an impor-
tant consideration for mass production applications only. The system in-
corpnrateé facilittes for varying the Scanning speed,e?nd alse for making
small adjustments to the X aﬁd Y gains ’as well as a rotation control faor
alignment purposes. The digital scanning section handles 11new1dths in
the 0 1 - 0.4um range whi]e the analog section covers the 0.4 - 1. Oum

range. Although large area rectangles are scanned uy the analog section,'

N
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the perimeters are defined by the D/A converters to retain pattern accu-
racy. A writing speed of lcm /IO” seconds is claimed, working w1&h a lum
(i.e. all analog scan) 11new1dth The form of the data input to the pat-
tern generator is not ment1oned and neither 1s the extent of software
‘support needed to generate and sort out pattern data to the appropriate
section in the pattern generator. ot

Extensive software control is used by Ho]f'[l3] and others, [97,
(141, [15], to eutomatica]]y align the'substrate to the scan field of the
E-beam system. In most cases, the scan field is defihed on the substrate
surface with -previously-fabricated registration marts, usua]]x consisting
of some form of cross-hairs marking the four cornero of the desired field.
The registration mark is made from a high molecular weight materta] (high-
er than the substrate), such that more backscattered electrons are gene-
,rated when the electron beam impinges on the mark. In tﬁe SEM mode, the
system can easily detect the location of these registration marks due to
the high signal levels caused on the Y-modulated oscilloscope Tine -scan
trace. The computer systematically controls the electron beam such that
1t scans back aod forth across these registration marks only, with short
scans, and each time the detected analog signal s converted to digital
(A/D conversion] At this point a comparison is made with a pre-deter-
mined value and a corresponding decision and action results. The action
may consist of increasing the pattern generator_gain, moving the scan
field a small X or Y distance, or rotdting-the scan field S]ight]y. de-
pending on the purpose of the particular alignment scan. In order for -

the computer to execute these correctfpns, many control functions must be

spec1a1ly interfaced to allow dig1ta1 control (eg. stepping motors on-the

'S

\



( 36

stage contro]s) An illustration of a rotat1ona1 correction procndure is
given in.Figure 2.12 by Wolf [7] Two cansecutive Tine scans are made a-
. Cross the top and bottom of a rotational]y—misaligned benchmark. When the

A scan reaches the benchmark the resulting high backscatter signal . is

recognized by some hardware and is used to 1nd1cater¢he distance x, to the

computer. A similar process occurs for the B scan and®he two distances
are cpmﬁared, and a éorrection signal is sent to the rotation control;
until fdfther test scang yﬁe]d equal distances.

To date, one of the most sophisticatgd E—beam‘Tithography systems
is the IBM vector scan machiﬁe, [10]. The 0vera11 system is depicted in
Figure 2.13. The field size can range up to 4mm square w1th a deflection
reso]ut1on of 14 bits per axis. A LaB6 gun’ is used, along with a minimum
) spot size of 500 A for microfabrication. A powerfyl minicomputer with - -
substantial peripheral support s used to control the various system func-
tions, includ1ng‘fhe initial pattern-data prepération. Among the various
computerized,functions are control of the pattern generator, the scan rate
clocﬁ, the field offset positon, the rotation and orthogonality of the
" field, the pGtamatic registration circuitry, the video processing of the
" detector,and finally. the worktable monitor and control. For accurate
monitoring and control of the worktable, laser interferometers are uti-

l1ized because of their high hccuracy. Quality stepping motors and drive

systems are used.to move the worktabie for 1n1tia1'positicning and subse-

quent changing of scan fields on the substrate Fing shift or rotation
-adju ments are made e]ectronica]]y, and the typ1ca1 combined mohitor/
contro] reg1strat10n acczizcy is 1000 A. "Equally as complex and sophisti-

cated as the hardware'co ol system, is !ﬁﬁ compu;er software, which is’

o

e
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needed to effectively control and combine the various operations into a ’
workable and successfui.technique. ]

The latest additon to this IBM lithography system is a new pat-
tern generator by Patlach et al. [16]. The impetus for designing this
new version was to achieve data compaction, since enormous amounts of me-
mory space were being used previously to define complex masks in the
16K x 16K scan field. It was also desired to minimize the update time of
the pattern generator, since this process interfered with the computer'§

monitoring and control functions. The resulting system is i]]ustrated in

Figure 2.14. The data compaction has been achieved by appropriate coding

of the data words sent to the pattern generator, and by incorporating the

_various shape routines into hardware as part of the generator electronics.

This technique saves computation time and storage requirements oniy while
the pattern 1s. being generated. Substantial computation is needed when .
the original data points are being a 1yzed coded, and stored for future _
re-call by the E-beam writing, program. Data transfer time to the pattern

generator is minimized by incorporation of a cache memory, which is per-

~Todically updated with.data from core storage by means of a direct memory

access channel, making the transfer transparent to the mdhitor .and control

" routine.’ A word sorter takes care of decoding the various control and

data words, and directs them to the dppropriate sections of the pattern
generator. A special contro] word 15 used to specify the 'shape’ store
and scan sections. Dnce a specific shape has been stored and scanned
only the differences of the next shape need be entered if the shapes are
similar. For examp]e.-if the counting and shape registers have been pre-

viously initialized to scan a rectangle, and the next required shape is

[
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also a rectangle with a-l@rggf;w1dth then the only data wh1ch need be

transmitted to the pattern generator are the new X and Y reference coor-
dinates and the new rectang]é/n1dth
The variety of shapes and scan techniques which have teen incor-

porated into the pattern generator are dep1cted 1anTgure .15, The num-
7

ber of microcode steps needed to initialize and scan’

these figures ranges
from 17 instructions for the flyback raster:to 39 for/t triangle scan. f/:>

. L]
Aside from-the USualdrepertoire of regular-sided shapes, the pattern ge-

nerator features a shape memory which can store pattern data for odd

" shapes, one shape at a time.

There is no doubt that the system just disc is extremely so-
phisticated, and has been designed with the goal to maxifize throughput

in the most efficient manner. However, the author feels that it fs im-.
portant to point out several drawbacks to the afore-mentioned system.

The pattern generator is hardwired, which implies that the code formats,
shape menus, and scan techniquee must remain fixed, and cannot be eaeily
modified without physical wiring changes being made to the generator
e1ectron1cs. Furthermore. the small,improvement in throughput is offset
by the expense and complexity of the pattern generator design which con-
sists of over 800 integrated circuit dual in- 11ne packages on fourteen

wire-wrapped circuit cards. ) , N

s

. | i} . . i
2.5 Conc]usions ' _

. The basic process of 11thography has been described, 111ustrat1ng

its purpose and subsequent processing steps. Various methods of high

resolution (szum) lithography were reviewed, and thé results of this

-
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particular study make it evident that E-beam 1ithography is the only prac-
tical contender for flexible sub-micron pattern'definition in the near
future. X-ray techniques will most likely dominate the n@ps production

aspect of sub-micron circuits, however, the required X-ray masks will

. Still have to be E-beam generated.

The basic operating principles of a SEM were covered, in order

- that appreciation could be gained for the interdependence of certain SEM\\
coﬁponents and operating procedures with the ultimate pattern size, reso-
lution, and accuracy attainable. Finally, various electron Tithographic
systems Qeﬁe discussed, 1nc19ding the simple designs as well as the state
of the art systems. The §triv1ng for more sophistication in pattern ge-
neration schemes is primarily motivated by the demand for higher system
throughput. It is genera!1y agreed by the semiconductor industry, that

in order for thée large investment in an E-beam 1ithographic facility to

be economically feasible, a four inch wafer must be processed in 6 min-
utes (one level mask). This speed has not yet been attained, and the
author feels that the intensive reseaféh beingrcarried out to meet this
specification is overshadowing the needs and desires of the single-device,

one of a kind; research and prT?udtion facilities.




£ CHAPTER 3 ' .
DESIGN AND IMPLEMENTATION OF LITHOGRAPHY SYSTEM

3.1 Introduction

This chapter deals w1th the de51gn and construction of an F- beam
1ithography system, based primarily on a microprocessor—controT]ed pat- .
tern generator. The des1gn objectives are discussed, a]ong with the re-

- sulds of a feasibility study to determine the accuracy and app11cabi11ty .
of the available SEM to electron lithography. After careful analysis of
the desired objectives, the details of the pattern generator hardware

and software are covered This chapter concludes with a “discussion of
the inteoration of the pattern generator with the SEM to form a complete
functional system.

<

3.2 Design Objectives and Considerations

The first and most important considerat1on in designing a SEM 1i-
thography system 15 the characterization of the SEM's distortion, which
will ultimately determine whether a particular SEM is suited for E-beam
1ithography or not. Features on the SEM such as beam b]anking and ex-
ternal scan inputs are also necessary for Iithographic app]ications,
however, these features can be controlled or corrected more easily than
_ a severely distorted scan fieM, |

The SEM used for this work is a Cambridge Stereoscan Mark IT A,
which is owned and operated by the Materials Research facility at McMaster

University. A simplified diagram of the column assembly is shoun in
. 44

b e e~

- e o



S

. r——ge

. 45
‘ o Y

Figure 3.1. A tungsten filament is used in the electron gun, which fea-

tures a continously variable h1gh_vo]tage potential range from 1-30 kv.

Three pre-aligned condenser lenses are used, which have a combined worst-

case stability of 65 ppm/5 m1nutes The available working

in the specimen chamber is from 0 to 40:mm. The theoretica
tion range is from x10 to x200 000 with a maximum reso]ution of 200 A ;

An Everhart - Thornley type detector is’ incorporated for the collection _

§

of both back- scattered and secondary electrons. The instrument is a]so

"equipped with an externa] input facility for the X and Y scan amplifiers,

'which drive a double def]ection coil system, housed fnside the bore of

the final- ‘lens. A beam- blanking unit is also supp]ied, wh1ch utitizes

'-en‘electromagnetic def]ecting coil, situated between the electron gun and

the first condenser lens. A specimen current meter s also available,
which indicates the current through the specimen and stub to ground, due
to the absorbed electrons from the incident beam.

There are several alternatives which a designer has when trying to

characterize the distortion of a particular SEM{Nuithout the aid of an
accurate digital pattern generator to fabricate test petterns with,

Smith [18] has applied moirE fringe techniques to the analysis of scan
‘d1stqrtions in SEMs. This method requires the use of a high-accnracy

]1near grating as the specimen, which when viewed in the SEM with a per-
1od1c raster scan, produces a moiré fringe pattern on the display. *The

effectiveness of this technique is very dependent on how the resulting

. fringe patterns are interpreted, and also dhg‘\bsolute accuracy.of the
'grating used. Chapg [19] also uses a reference grating to characterize
.SEM distortion b:g\usea_a 'stripe scan'.method to display gny.static or

—TN\,
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dynamic distortions directly oﬁ the CRT display. Fach line of the grid
s 'scanned its full Tength, but the width of each scan is only several
microns on the surface of the grid. Any deviation of the Tong scen'over
a single grid line will readily appear on_the display, available for re-
cording, measurement, and subsequent analysis.

The prev10usly discussed techniques are 1mportant when the source

el

of the distortion m&\E_be character1zed and they also g1ve a real-time
measurement, as opposed to a method wh1cﬂ’/uvo1ves po;t development of
genereted_gr1d patterns, and subsequenl[optica] microscope evaluation on
interferomeier~monitored workstages. For th~app11cat10n required in
the author's work, it was<qpt desired to find the cause of the.distortion,
but rather the amount of distortion present, since changes could not be
made to the SEM's optical system. Considerable iﬁformation is available
on the distortion characteristics of the Mark I1 A ¢olumn [3] [7] [20],
[21] Most of the téchniques which were used in these studies involved
soph1st1cated equipment and samples«ﬁhich were not ava11ab1e to the au-
thor. Hence, the results published in the literature were re11ed on
and used. in the design of the pattern generator and lithography system
as a whole. An earlijer feasibility study by tbe author [22]'1ndicated
~good results over a small field of view of 100um on the sdhe SEM. . WQIf
et al. [7] have measured the errors in the Mark IT A system, and have
found-dn error of A5 parts 1n ]04 for a 1mm x lmm scan field, along with
(e nonortﬂgaguzlity error of 0.1°. DeVoregégl] has devised a simple tech-
nique for studying deflection aberrations in SEMs, based on observing
spot prof11es exposed  into an acry##c substrate 4t various distances away

frem the undéflected beam axis. (Efu]ts based on.this method are 1llus-

" . ) — -
' .
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“trated in F1gure 3.2 for the Mark IT A column, with an accelerating po-
tent1a1 of 20 7 kv, 200um final aperture size, working d1stance equal to
14mm, and a field size of 1.7mm x 1.7mn.

Based on the above collective resu]ts, it was decided by the author
to aim for a lmm X 1mm scan field in the design of the 11thog phy sys-
tem. Rnother 1mportant cons1derat1on in the system design 19 t

l\\
put rate Since the system will be used in a research environment,

through-

i

throughput is nd longer c: “important/\factor, ard_many systeﬁqcomponeﬁt
ehixed as a resylt. Since only single or one of

specifications can be r
a~kind devices are going to be scanned mthin a small area, there ‘is no -
\?onger a need to monitor tab]e_movemept, allowing the work;xaég to re-
main fixed during the'scanning of a pattern. This Iatter constraint is
perhaps the biggest factor responsible for the simphification a?f qesu]-

tant low cost of the author's lithography system. The resultant accura-

¢y of scanned pa:§::Bk will be functions only of therﬂigiga1 registra-

L

tion accuracy.and the SEM scan system, ‘
Automatic reg1strat10n is np longer necessary.51nce only on€ or
two reg1strat1ons have to be made per device, aﬁg these can be eas11y im-
plemented by the SEM operator, in less than a mi&hte for a we11-designed
system. Other operations which are norma11y under computer control such
as beam current, focus, deflection centering, and. electron gun centering,
Imay allebé operator-controlled quité effective]y, avoiding system com-
plexity and reducing the otherwise high/dﬁgt This operator -cefitered
mode of operation is quite feas1b1e for the proposed lithography system

. because scan timesifor devices will be relatively short (severa] minutes

which negates any effects due to long-term drift in the E]ij:;ij:is
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.
causing defocuseing and changes in beam.current and scan orientation.

The basic considerations for the pattern generator aré accuracy,
flexibility, and low cost. The acdunacy of the pattern generator is
strictly a function of the specifications of the D/A converters used,
along with specifications of|any post~amp1§fication or attenuation cir-
cuitry for the analog output signals, including the often-over1ooked
power supplies. Synonymous with accuracy is the required resolution of
the pattern generator, which is directly determined by‘the number of bits
that the D/A converter resoives. The final positioning resolut1on in
the scan f1e1d on the sample is also determined by the number of D/A
bits, but in conjunction w1th the maximum 11near dimension of the field
s1zef which corre;ponds to the full-scale or reference value used for

o
the D/A converters.

Pattern_generator flexibility was achieved by incorporation ot a *
mtcrocomputer and a 51mp1e hardwired scanner des1gn The 'vector scan
approach was chosen because of 1ts eff1c1ency in scanning on]y those

.areas which need to be scanned, which total less than 50% of the entire
scan fie1dzfor the majority of devices . By keepihg the scanner design-
simple and general, a varjety of special. purpese scan routines;may be
implemented at will, simply by changin‘g;t : software pr':ogra'm in the mic-
rocomoqter. A further contribution.to systeﬁ flexibi}i efficiency -
js the incorporation of an interactive kengard'and display, which can
bejﬂ/;d to enter pattern data in decima] coordinates and thus generate

an ent1re pattern program on-line,. 5 ) C

The Tow cost consideration has been met by the use of a microcom-

puter with lownnEMBry requirements, aﬁ opposed to a fule—supported mini-
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computét system. Pattern data storage is achieved by the use of cassette
tapes, which offer an inexpensive and portable aﬂternativeoto computer

\‘;
memory or bulky paper tape. -

3.3 Pattern Generator Hardware
The pattern generator hardware consists of four basic system
blocks: . ’
_ | - N L
(a) hardwired scanner - .
‘e ' {b) microcomputer

_(c) keyboard/display \

N

. (d) cassette storage

The hardwired scanner wili be discussed ﬂTF§t since it performs- /{/\

the primary function of the pattern generator. the simplest configura-

. tion for a_yector scan generator consists of specifying the st rt and
raj;;k line

between the two points with the beam on. The system becomes even more o

simp]if%eﬁ~k(1;iig1ne scans are restricted to the orthogonal X and Y-

directions, since no corrections have to be made for "the”linear scan

-—"_—\.
speed, which must remain constant for all scans. The resu]ting scanner

-Stop coordinates of a line, and having the scanner draw a.st

system is illustrated in block diagram form 1n Figure 3.3. Two binary
counters are used to contro] the D/A converters, one each for the X and
Y axes. Each channel (X and Y) has an 1nput holding. register, which
serves to store the end or destination conrdinate of a Tine scan, while
the counter registers always contain Fhe present or start cogrdinate of
a scan. Control oé the 1ine scan is governed by a comparator for each

channel, which compares the start coordfnate in the counter register to
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{/"\- " the destination cgordiﬁate in the holding register. If both values ‘are
| equal, the clock circuitry is 4nhibited and the scan;ér is disabled;

(.B this occurs at the end-of each line scan. [f the values are not eqﬁa],
the comparator determines which value is higher, and ?ppropriately con-
trols the counting directiog (up or down) of the counter to ensure that
the line scan is made in phe“prOper-direction.' The extent of computer
interfaciné consists of tﬁé 8—b{t output port and four control lines for
loading the X and Y input f&;isteft, a haster clear/reset line fqr ini-
‘tialization, a preset/load line, start scan signal, beam on/off cbntrol, /;

cand finally, é scanner flag status inbut to the-micrpcomputef. o
. The presetlload,1ine a1iows:£he scanner.tf be preset 1mmedi$te1y

to the destination cgdrdinate without scanning . This feature is useful

7 when Tong moyes have to be mad?/yith the beam off. The beam on/off con-

- trol merely set;\h\flag on the scanner boaéd, whose status is used

: 3
control, the beam-bTaqging circuitry upon receipt of a start signal. The

g s mam

start signal enables the clock to the counters, turhs gpe beam on (depen-
- dent on beam status flag), and clears the scanner sfétus flag to ‘indicate
to the m?trocomputer'thaF the pattern generator is in ;he scan mode.
Upon detection of a compiet an 6& the comparators, the clock.is dis-
abled, the beam is turned off, the beam flag is cleared, and the scanner i

f(hg s set to 1nd1ca\fe/th§L the scanner is r more data input.

" The various §6ntrol yres discussed above aldow bidirectional scanning

. to téke,p]ahe in eithg “the X or Y direction® (one at a time)'with.the T

i
|

. . off is alse pos ible, as welN as 45° angle scans, if the clock rate is
'f 3 adjusted acco gly by a llqu'chtor_to yield the required constant
; ’ . % '
) ~

beam either on or off. -Scanning {0 a cobrdig}te qoinf witp.the:ﬁeam

»
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Scan speed,

.The D/A converters are 14-bit R/2R resistance ladder discrete types,
which can resolve one part in 16,384. Having chosen a 1mm x Imm scan
field, the  resulting positional resolution is 625 R/bit. such that_16 bite

represent lum. This accuraty is on the order of one eiectron beam. dia-

»

- meter during scanning of sug;mi%ron iinewidths which is more than suf-

&

\

ficient Settiing time of the converters was fast enough for the rela-
tiveiy slow clock rates which are used in the scanning process. Provi--
sion for scale alignment was made by incorporating variabie gain_ampli-
fiers at the D/A converter outputs Operptional ampiifiers with excel -
lent temperature stability and low offset voltage speCifications were
used in conaunction with precision 10-turn potentiometers to implement
the variable-gain amplifier. The X and Y analog outputs are then direc-
ted withhéﬂfwitch located on the front panel of the pattern generator,
‘to either a set of connectors on the rear chassis for monitor purposes,
dr to the SEM vil a shielded cable. ‘

Figure-3.4 illustrates the c!‘ﬁ]eted scanner and ampiifier circuit- -
ry on two 6x9 inch circuit cards. The scanner board (top) contafns all
the digital circuitry. including an internal clock, a]though provisions
have been made for externachlock sourtes as well. The amplifier board
(bottom) gontains the precibion operationa] amplifier circuits for the
X and Y analog outputs and: -also an opto- iso]ator circuit for transfor-"
ming the digital beam on/off signal into th@ required analog +15 voTt )
ie”els ) }

The microcomputer used in the patterﬂrgenerator is a Digitai MPS

system, based on the 8 bit Intei %708 central processing unit (CPU).

)

[} 4
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Fgure 3.4 Photogﬁph lilustrating scan generator board (top)
) and amplifier and beam blanking board (below).
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The microcomputer features 48 basic instructions with instrﬁction timés
ranging from 12 to 44usec, and includes. 8 input and 24 outplt ports.

fhe microcomputer systeﬁ’emp1oyed 2K-(204§-bytes) random llcess memory
(RAM) and 256 bytes of read only memory. .The completed patterﬁ generator .
is fﬁ]ustrated iﬁ Fiqure 3.5, sﬁzwing‘both front igg rear views, complete
with all power éupp]ies The circuiiry layou® was designedlt king into

consideration such problems as ground 1‘Bps electrical 1€éirfe ence,/\'

_JJ:;;:Lrat1on, and ease of acce551b111ty \\

-

An’interzﬁ%ive keyboard and disp]ay”was designed in order to allow
| pattern data td be eﬁtered directly in the form of decimal édard%nates.
Seven-segment light-emitting diode (LED) displays are used to echo the .
keyboard data inputs, while sing]é LED displays are used to indicate an

X, Y, or beam on command. ~The complgféﬁigeyboard/diSplay unit is shown K\h?

-
-—

ianigure 3.6 (a), which simply connects to the pattern generator main

not in use.. Funrther descriptibn of the keyboard its use is given in -

chassis by means of a flat cable, and can be disﬁ::ZiCtEd whenever it is
Sect1on 3.4 of this chapter, in relation to the monitor program
Cassette tape was chosen as the med1um for data storage because of
its low cost,.portab111ty,.and effectiveness. Afcassette s}orage system
was désignéa\usirg the_variab]g speed Triple I ﬁp%-oeck cassette trans-
~port. The'playback and record electronics were designed by the author,
and incorporate a frequency-shift -keying: (FSK) schemeg{?r recording the -
, d1g1ta1 serial data stream. Basically, a digital bit assignment of lo-
gica] '1' is represented on the faﬁﬁ‘br one frequency fl, while a logical
'0' iS'reprpsénted by a second freauency fa. By ensuring that éacb’ﬁ?z’

. is represented by at least fodr_éycfes of its corresponding frequency,

B
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the error rate is kept low, and a reliable storage system is obtained.
Further details on this recording and playback method may be found in
[23]. Data was recorded and played back at 33/, ips. with a data trans-

fer rate of 110 baud. The cassette system is shown in Figure 3.6 (b).

3.4 Software: The Monitor Program

_A moni tor program was des1gned wh1ch wou]d interact with the key-
board/d1splay unit to accept the input data and process it accordingly.

The decimal input coordinate, along with X or Y coding and beam on/off -

'1nformat10n are converted into two 8-bit binary numbers which are coded

as shown in Figure 3.7- The coding scheme offers the ultimate in com-

- pactness, while stil1 being flexible. Given that the E-beam is allowed

-to move anly in one of the X or Y dfrections at a time, then the only

information needed aside from the 14-bit data té the D/A converter cir-

o

cuitry, is the direction of travel (X or Y) and the beam status {on or

:l Each of theQE“Tatter specifications have only two possibilities,
and can therefore be represented by one bit each,.yie1d1ng a2 total coded
word length of 16 bits to compietely specif} one scan. This data compac-
tion technique great]y reduces memory requirements, compared to systems
which utilize ASCII coding or multiple code words.
A flowchart outlining the moni tor program functions is illustrated

in Figure 3.8. A detailed program listing of the monitor along with pro-

cedures on its use are given 1n Appendix A. Upon mon1tor 1n1t1alizat1on.

‘data is entered on the keyboard specifying the coordinate type first

{X or Y), the decimal data next {(in decimal up to 16 ,000), thel.gam sta-
tus (press B key if beam on), foT1owed by the 'Next' key. The disp1ay

e .
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Figure 3.8 (a) Data input, conversion, and ‘storing routine.
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vl
echoes the input to allow checking and subsequent corrections, since the

data is not processed unt11 the 'Next' key is depressed. If the proper‘

. input sequence is not adhered to, the present entﬁy is automaticé]]y a-

borted.. The converted data is sequentially stored in memory, and upon/}
completion of the data input, typing the 'Exit' key displays the octal
data count, which is also loaded into the cassette lnader and general
scan programs. In order to preview a pattern for error detection or o-
ther tests an osc111oscope with blank1ng or intensity modulation capa-
bilities may be connected to the pattern generator monitor jacks, and
the general scan routine in the monitor will scan the newly entered data.
When the pattern data 1s complete and error free, the cassette loader
routine in the mqnltor 1oads the data automat1ca]]y onto a cassette tape
for permanent storage. Available memory space, set aside for data sto-
rage using the'ﬁonitor routine; is 1K of RAM, Should the expected dati
count exceed th{s Iimitafion. the_data pay theﬁ be formatted ints\blockS‘
on the cassette tape. -

One advantage of the monitor is that it does not require operator |
knowledge of both the'microfomputer language, and ;he details of the in-
terfacing between the scanner electronics and the microcomputer. However,

the system does not have to adhere to the monitor format. As an example,

in many cases it is required to scan a pattern wh1ch has many repetitive

elements in it. Rather than represent1ng each repet1t1ve element with
its own unique set of data coordinates, the bas:c features of the element

q_x:be incorporated in the form of relative coordinates into a software

subrout1ne Each time ‘the repetitive element’ is required to be scanned.

only the coordinate points of a key reference point need be .given. This
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Figure 3.9 Microfabrication system using Stereoscan Mark Il A SEM.

/



——

‘ - ‘ . 67

- -devices. are covered in the next chapter.

A \\ -
3.6 COnclusions_\\\\H .
The initial considerations and objectives of the E-beam 1ithography

4
system design have/peen d1scussed with particular emphas1s on the apel!-

cation of a standard SEM to microlithography. The primary features re-

"quired of a commercial SEM for E-beam 1ithographic purposes can be sum-

marized as follows: ’ )

- {a) reasonably low distortion over- the required scan field -

~ (b) an external input facility to the scan amp11fiers effectively ,

bypassing the internal raster scan generator

-

(c) a beam-blanking fac11ity. consisting of either an electromag-

" netic deflect1ng coil or electrostatic def]ection plates, a]ong

with appropriate driving circuitty )ﬁ'/—ﬁ)

(d) a specimén current méter, or means.by whith the absorbed’elec;~
tron gurrén; in the specimen can be externally measured and
‘monitored | N
‘The basic methods of 3can field distortion analysis for SN instru-
mehts have been reviewjx and several results have been presented which
re1ate specifically to the SEM used in this .. The details ‘of the
hardware design and 1mp1ementation have been covered, as well as déscrip-
tions of thg software monitor program function and operation. Finaliy,

e ™

s



W

68

the-pattern generator and SEM are presented as a gystem where bpth faci-

Tities are used in a combined effort to produce sub-micron sized patterns.
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CHAPTER 4
DEVICE FABRICATION: PROCEDURE AND SYSTEM VERIFICATION

~

4.1 Introduction

~TTfis chapter deals with the various aspects of device ‘fabrication,
pertaining especially to pattern formation by means of the E-beam 1itho-
graphy system discussed in the previous chapter. Various consideretions
regarding the electron resist used for Iithod;;phy will be cdvered, par-
ticularily the basic types of resist, their sensitivity. beam profiles,
' and'development characteristics The complete and deta11ed steps 1nvolved
in substrate preparat1on are included, since these steps differ from the
. ‘ g'-f\st61ndelr'ti photo]1thograph1c techniques in several areas. The entire pat—
tern exposure process is explained, and includes data for choosing the
SEM parameter values for proper exposure. Tue alignment procedure, along
w1th scanning techn1ques, 1s also discussed. The pattern development
steps are covered, and 1nc1ude such factors as developer concentrations,
deve]opment times, and other secondary effects. Post deve]opment proces-
sing is discussed in general terms,.but for the purposes of\\p1s thesis, ~
the concentratIOn is on single-level planar fabrication, using evaporation
o techniques for rea11zing circuit structures. The ident1f1cet1on of certain
(ji) o fabrication problems, which the author has experienced, are discussed v
such that a greatef understanding of the overall process and its problems

A . can be gained.

TR
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4.2 Resist Considerations

.

The existence and properties of resists form therbasi3|fbr the
entire field 6f 1ithography. Resists, as the name implies, consi;t of a
variety of chemicals which are usually applied to surfaces in the form
of thin films, and which tend to 'resist' certain chemical gr radiation
effects, thus protecting the substrate area underneath. Many éommon
*Ee&ists are po]}mers, and are sensitive to a particﬁlar spectrum or wave-
length of incident energy. For positive-acting resists, the incident
energy causes scission of the long chain-like mo]ecu]es of the polymec)<\\, .
when applied with the proper dosage levels. Subsgquent immersion in an
appropriate developer will dissolve aWay the scissioned molecules only,

leaving the unexposed regions intact, thereby defining a pattern on the

substrate surface.»'Negative-écting resists behave in the opposite manner,

“with the exposed regions remaining after development, due to cross-linking

of ¥k polymer molecules upon exposure. Resists which are sensitive to
incident light energy (usually in the ultraviolet region) are termed
photores1sts » while those sen51t1ve pr1mar11y to electron radiation are

A
termed 'electron resist'.

The important qualities of a resist are its sensitivity to incident

-

'radiation, high-resolution capability, contrast, abi]ity to resist

etchants, and ease of application and development' Table 4.1 lists several

~ of the Eopu]ar rgsist;;used for microfabrication [(1]. An important con-

the sc§qp1ng)of a pattern. As

P

‘S1deration which is not usually aquoted as a resist specification, is the

latitude in- expd%ure or sensitivity range:of a resist. This latter factor
becomes important when areas df double or multipte e&posure.occuf during

examp]é,‘a positive resist with a very
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narrow sensitivity range could not tolerate double exposures, since Cross-
Tinking would dominate the scission process in these areas. In general,
the positive resists offer greater reso]ut1on and contrast compared to PR

the negative resists, although they susggp/?iga\a lower sens1t1v1ty.\_//;yldfﬂ) ~

Sensitivity to the incident radiation comes important when a high
pattern-writing ;peed is desired, which relates again to the demand for
a higher throughput rate.

As illustrated in Table 4.1, the positive resist pofymethylmetha-
crylate (C5 g0p» abbreviated PHMA) has the highest reso]ution_E&pability.
This positive-acting resist has several other advantages, which make it
the best choice for E-beam 1ithography whenever throughput is not the
primary conéern. The ekposure latitude of PMMA extends over an order of
magnitude from Sx'IO'5 to 5x10'4 C/cmz, allowing considerable tolerahce
for overlapping regfons of exposure. The resist is not sensitive to
light in comparison to the commercial photoresists, and th1s avoids the
need to work under safe-]ight conditions. A further advantage of PMMA
is that it is readily available and 15!!pensive existing in 1ts most

v

common form as plexi-glass.

The PMMA is applied to substrate surfaces by means. of-spin coating

- o

to yield layers varyigg from 100 o-several micrens. The polymer is

dissolved in a solvent with a specific ¢ ntration, which determines
the final thickness of the sbin—coated layer. 'E1ectrqn irradiation of
the thin film within the required sensitivity rdnge causes scission of
the Tong polymer chains, which effectively redaces the molecular weight
of the exgosed resist The reduct1on in molecular weight is always quite

pronounced [24], droppfng from the usual molecular we1ght value for PMMA

-

. L
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of several hundred thousanz to below 20,000. The development process is
achieved by immersing the film-covered substrate.fhto a poor solvent,
which primarily dissolves molecules of low molecu]at weight and leaves
the high mo1ecu1ar'weight molecules unaffected. The poor solvent is

obt 1ned from the mixing together of a good solvent for the entire
molecular we1ght.range, with one that will not even dissolve the lowest
m]ecular'weights. Harris [24] has determined that the ideal mo]ecu]ar'

weight distribution for PMMA consists of a very narrogrfange with very

few mo]ecu]es below the weight of 50, 000 and few being above several

hundred thpusand -This results in a compromise between tno opposing

properties. High molecular weights are ‘desired to prevent pinhole for-

mation in the development process, but an increased difficulty in dis- .

solving the polymer for resist‘application purposes results, yielding °'f;

poor films. Lgw moTecular weight range PMMA yields good solubility

characteristics and excellent fiIms however, it is more prone to p1nho]e

formation since it is within “the soluable range of the developer,

The contrast provided by PMMA 1s excel1ent. and this is due i

© part to the negati®e slope profiles which can be obtained under proper

exposure conditions. Figure 4.1 11lustrates the three main types of
exposure profiles which result from varying~the incident charge density
of the electron beam [25]. For high charge densities a negatively-
sloped profile results in the developed resist layer, and the resuIting
cghtour 1s gpmfhated by ﬁﬁeﬂte;rdrop ~-shaped electroelaenetratton profile.
Medium charge deusities resu1\"Tﬁ'V§kt1cal-wal]ed profi]es, which are
due partly to the electron penetrat1on profile, and partly to the devel-

opment process. Low charge density profiles demonstrate positively-sloped
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wal1s<and appreciable resist thickness loss, since the resufting contours
are dominated g;most completely by the development process. Figure 4.2(a)
summarizes these results for-a one micron thick layer of PMMA, exposed at
.20 kKV. The surface normal line at 0° cor}esponds to vertical walls,
which js consiiiged to Se the optimum exposure point, since this condition
yields the minimum line-to-line spacing possigge. T;e effect of accele-
rating potential on the developed line profiles 18" i1lustrated in Figure’
4.2 (b) from the experimental work of Wolf [26]. These results show that
the linewidth increases w1th increased T1near charge dens1ty due to electron
backscatter1ng from the res1st/substrate )ﬁ%erface and also from scat-
terlng off the polymer atoms of the resict itself. The developed ;:new1dth
tends to decrease with increased adé;;ziating potential since more higher-
energy electrons are entering thé substrate, rather than scattering back
to expose more resist. The slightly undercut profiles wh1ch result from
the prOperrgomb1nat1on of acce]erat1ng vo]tage and linear charge density
are very desirable for the Vift-off technique, to be discussed later in
this chapter. )

The previously-discussed results are valid for E-beam ljne expo—'
'sures which occur no ¢loser than Zum'from each other. Line_exbosures
below about 2um spacing experience what is termed the 'proximity effect’
[3], [27], [28], which involves cooperative exposure of lines in an array
due to lateral e]ectron scattering from the point of entry into the resist.

" From [29], the exposure of a single’ 11ne can be characterized by
:

E(y,z)}b = D ergs/cm3 - (4.1)

S R B
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Ely.2) = & ql(r.z)dx  ergs/cm-.C (4.2)
¥,2 -§ rqﬁ;“ rgs/cm

where D is the energy dissipated per unit volume.for adequate
- exposure resglts

b is the Tinear charge density in C/cm

q is the number of electrons per coulomb

E{(y,z) is the energy dissipated per unit volume per
coulomd per centimeter

~I{r,z) is the radially symmetric. function representing

the energy dissipated per unit volume per electron

3
(ergs/cm electron)

The variables in (4.1) and (4.2) are defined in Figure 4.3 with
respect to a line scan at velocity V and beam current 'i' amperes. The

resultant linear charge'density 'b' is given by‘fhe beam current divided

. by the beam velocity.  The function I(r,2z) has been theoretically calcu-

lated by Hawryluk et al. [29] using the Monte Cérlo technique of calcula-

' tﬁng electron trajectorigs in solids. The exposure due -to lines separated

by an interline spacing of 't 'um is: c -
- N v
)| B ¢ > ey By ,a)] (a3
ARRAY n= e .
‘ . hal —
_ where n =

the number of adjacent lipes .
\ ] * '

y ‘ ‘. ./
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The first term in [1.3) is the response due to a singl

exposure as given by (2.2}, The second term accounts for the
exposure effec;s ot the neichbouring line exposures, and becomes nsigni-
ficant when Nis=y > 7.53.n for PMMA at a 20keV beam energy. A plot of
(4.3) for various interline spacings is given in Figure 4.4 [2/] The
important feature to note from the plot of E(y,z) is the rise in

IARRAY
background energy dissipation as the interline 'spacing becomes smaller.
Hence, if the linear charge density is not decreased correspondingly with
the interline spacing, the pattern development will feil, due to exposured
of all the resist between the line scans.

Another factor which affects the exposure parameters and ?ihal
resolution is the type of material used as a substréte. Haterials'df
differing atomic numbers will have different amounts of backscattered
electrons when jrradiated with an electron beam. . This_property is made
use of later in the fabrication ehd detection of alignment marks, Sub-
strates made of.gold or copper would require a smaller dosage than si]icon,i
for example, when generat1ng sub—micron linewidth patterns 1n PMMA. The
gold and copper substrates generate more backscattered electrons than .
~silicon, which contribute tb the expcsure of the resist as well as the
incident beam. In general, the h1gher the atomic number of the substrate,
the less e%posure is needed to generate sub-micron linewidths. This
_ relationship is illustrated in Figure 4.5 (a) which shows how the nuniber

of eackscettered efectrons increases with increasing atomic number [jET

, 4 :
Figure 4.5 (b) illustrates how the number of backscattered electrons does

—

-
£y

not vary appreciably with the accelerating potential.

-
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for an grray of lines exposed in

a 4000 A PMMA layer at 20 keV beam
energy, with interline spacings of
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! 4.3 <" Substrate Preparation

; .
| . . : : ,
© 4.3.1 Substrate Cleaning | Zt" o MY
It is imperative that substrate surfaces be extremely clean for

use in E-beam 1ithography work. The initial cleanliness. of the substrate

surface determines the success of subsequent processing steps, such as

resist adhe510n and uniformity. In the 11f¥~éff process, the resist layer

; i . } remains on the clean surface right up to the fina] device processino step, |

" which'is the stripping of the resist C]eanliness of the resist iayer i?
surface must also be maintained in the intermediate processing steps for
. successful device fabrication . - -
¥ A

Various substrate cleaning procedures may work more effectively
; - ' on some suQstﬁates than- “pthers, due to substrate properties such as den51ty,
e - . molecular structure, degree of surface flatness and polishing. - The sub-
~'\ . strates used exc1u51ve1y for thlf thesis work were ST—X quartz which have
'a highly-polished flat surface on one side. The fol]owing gfocedure des-~

cribes how these substrates were cleaned, in readiness for the electron .'\L// ¢
L) : .

W}

resist application The procedurg assumes that the substrates are not

-

contaminéted 1n1t1a]1y with re§1duai meta] films or baked-on oxide layers.’
4

¢ A Headway Research Inc. Model EC101 spinner was used for the'

rinitial c]eaningfsteps The substrate (lcm x lcm) was placed on the. .

€

vacuum chuck of the ﬁpinner, polished SUrface facing up (this is the

-working surface of tuf quartz substrate), and flooded with acetone.

t

- While continuglly poyring a steady stream of acetone onto the surface,
the spinner was accelerated to the working speed of approximately 6000 RPM. -

A 20 second spr /0f acetone-was_followed by 20 seconds of methano) spray,

NITE
\ ' Y
. . -



83

and finally with a 45 second rinse of distiTled water. It is fmportant
-that when changing from one spray to the next, the applications should
_always overlap so that the substrate surface never has a chance to dry.
After the water spray, the substrate was allowed to spin dry for approx-
imately 30 seconds. This comp]eted the first phase of substrate cleaning,
and visual {nspection of the surface at this stage should show no visible
traces of smears or waterspots, Visible inspection of the highly-polished
quartz su:;ace is quite effective since any surface impurities show up
readily when the surface is ysed as a mirror to reerct a light source.
The final phase of substrate cleaning was accomplished with the

use of a d15t1111ng apparatus which Is 11lustrated in- Figure 4.6 (a).

Methyl alcohol (high purity) was placed in the flask sttuated on top of

the glectric heater. " The substrates (up to efght at once) were . supported

-on a fine stainless steel wire mesh. situated in the bulging glass section
inmediately above the flask. A double-walled condenser {s’ positToned
directly above the substrates, with a coolihg coil running up the centre
of the condenser, as well as having the outer jacket cooled, This con-
struction results 1n the condensation of the evaporated methy) alcohol

in such a manner that a steady stream of condensed droplets fall onto

. the substrate surfaces from a 10 ¢m height,- This cleansing action, com-
bined with the surrounding hot vapour atmosphere. produces an ultra-c?ean
, substrate surface._ The substrates were Teft inside the apparatus anywhere
from 20 minutes to several hours after which time they were baked in an
80 C oven for at Ieast one hour -to remove any‘moisture content from the

surfaces.
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4.3.2 Resist Application

The PMMA’ .electron resist which was used throughout this thesis
work was obtained from Esschem Co. » and has a molecular wefght of 950,000,
Various concentrations of the polymer 1n the solvents methyl {sobutyl
ketone (MIBK) and methyl ethyl ketone (MEK) were experimented with in
~gelation to final film quality on the substrate surface It was found
that the PMMA dissolved more readily in_the MEK, a process which took
about one hour at 40 C for a 5% concentration The solubility of high
molecular weight PMMA s poor, and the preparation of a high dissolved- -
polymer concentration can take up to 12 hours. A maximum concentration
of 5% was chosen, since the consistency of higher concentration resist
solutions approaches that of glue, and the resulting films become unac-
ceptable The final thickness of the resist layer {is A function of the
polymer concentration tn the resist, and the RPM of the spinner at the
time of application. It {is highly desirable to achieve thin, uniform
resist coatings with no wave-1ike structures present or dust particJeS'
imbedded on the surface. The best results are obtained when the resist
is applied while the" substrate 1s spinning at the desired speed. In
order to obtain repeatable and uniform coatings, a Jig was constructed
to allow precise application of the resist, as 111ustrated in Figure 4.6 (b)
It was found that both the height and the centering of the resist appIi-
cator affected the quality of the resulting films, and the special jig
served to keep these factors constant.
The consistency of the 5% resist solution ru]ed'out pre-applicat1cn
filtering, as 1is usua11y done with standard photoresists. Therefore ex-

treme care must be exercieed in preparing the solution, to ensure clean

e e T




86

9lassware and associated utehsils in handling the resist. Al preparatory
work and resist coating should be done on a clean air bench facility, at
the very least, and preferably in an ultra clean air room. A standard
;yedropper 1s used to apply the resist, and is positicned in the jig ap-
proximately 5 cm above the substrate surface. A resist thfckness of
4000 A was desired, and this was achieved by applying 3 drops of resist

at 10 second intervals onto the substrate, which was spinning at 4000 RPM.
This procedure was arrived at by a series of test; in which the final |
baked resist thickness was measured and calibrated. Corning 1"x1" No. 2
glass slides were used for the test, and the resist thickness was measured
with a&_\_wlor-HobSOn Talysurf 4 unit by scanning across an aBrupt resist
edge. quing appllcatjon of the PMMA resist, a vacuum cleaner attachment
fo the Headway spinndr provided a'gownward suction araund the periphery
of the spinning substrate. The purpo;e‘of this sdction was to prevent any
resist strands, or fine webs characteristic of spun PMMA, from falling

. back on the surface of the substrate thus ruining the film. After resist
app11cation the substrate was allowed to spin for an extra 30 seconds to -

Tet the excess solvent evaporate off.

4.3.3 Post Baking and Mounting

Immediately after resist coating, thg substrates were baked in a
filtered air-circulating oven at 170°C for 20 minutes. Heating the poly;
mer film to above 160°C allows all the rematning solvent to be released,
and results in better f1Im adhesion to the substrate surface. Above the
glass fransition temperature of PMMA (100°C to 110°C), the polymer becomes

rubber-11ke and elastic, atlowing molecules to slide over each other and

4

~
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”

thus releasing any strains which were generated during the coating process.,

Temperatures in excess of 190°C couse thermal degradation of-the palymer,

and should be avoided [24], Bakino the fiims for longer than 30 minutes

ot 170°C results in a hardor and more brittle filo which becomes increa-
© singly more difficult to dissolve in PMMA deveIoper or stubborn to remove

in the 11ft-off process. After bakfng. the substrates were set aside in

a covered glass dish to air cool."” -

After cooling. the substrates were mounted to standard 12 mm spe-
cimen stubs. GC Electronics conductive silver paint (Cat. No. 21- 2) was
used to mount the substrates onto the stubs. The paint was used very
sparingly at the centre -of each side of the substrate, since previous

' experience by thé author‘has shown.that the s1lver paint particles cao
1nterfere drastica11y with the subsequent device procetzvjo steps. Care -
must be exerciséd when mounting the substrates to ensure that they are
lying flat on the specimen holder, since the silver paint can easily
permeate beﬁcath the substrate, A level mounting is des1red to avoid
loss of - focus with the E beam system when scanning over appreciably sized

areas, in which case. the depth-pf focus range is exceeded. The silver
(v//J{\oaint connections weno cured by baking in an 80°C oven for 15 minutes.

- : - hd

—
»

4,3.4 Conductive Layer‘Apolicat1oh-'

In both microscopy and 11thographic applications of the SEM, a
Tow rogisfance path to grounwst be provjded from the sample, in order
to prevent charging of the sample. Since ST-X quartz {s an insulating
substrate, {t must be coated with a thin (~40033) Ja}écrof aluminom to

provide a path for the excess electrons to the aluminum specimen stub,




and hence 1o ground. Thie Pk iy achioyed by p]a\fnq the mountod yh-
strates dinside an Pdwards Modet 104 vacuum coating unit, and cvaporat jng
the 400 A layor of Aluminum pnto 1he rndin{—rnvurnd substrate surfaces
ata prosaure af ]Hkltnrr, The cubntraton wope Teft ingide the evapora Loy
Mo partial vacuum until they were yveady ta be scanned by the SIM. 0 The
mounted substrate, ready o CXposure hy the lfthanJphy systemy s illus-
trated in Figure 4.7, Thi- particuiar ﬂdmpfn has a4 yisible horizontal
line acrons the centre of the sybatrate surtace o which iy due to g Shun

PRMA strnndlwhirh has fallen back Aross the surface,
1.4 Jf”'ﬁ}1ttqrn Exposure

4.4.7 S{Mhﬂgynmuﬁqr_Svaings

Several parameters o constraints have already been chosen up to
this point which are: ;

{a) the resist: PMMA

(b} scan field sizo of Tmh x Tywn

{c) D/A convertoer resolution of 67% R |

{d) 1inewidth capability of less than Lum in 4000 R thick rosist

, -
layer

For the scanning of lines in PMMA reﬁfst. it is generally agreed that the
beam diameter shoyld be on the order of five to ten iimes smaller than
the smallest required linewidth [3]. This criterion will ensure dbod
resolution and contrast whenever it can be met. An accelerating potential

of 20 kV was chosen for the pattepen exposures, since this potential yields

sub-micron linewidths over a large range of lipoar charge densities as



Figure 4.7 Mounted quartz substrate, .
ready for pattern exposure.
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" are gtven in [6]. Various other comb1nat10ns of - SEM parameters for pattern

90

111ustrated in Figure 4.2 (b). The final aperture size must be chosen
so that the proper relationship between beam qiameter and working distance
is obtained, to minimize the opposing constraints. A plot of the optimum
aperture for a maximum given beam current (2.9) is given in Figure 4.8
[5]. A working distance of 12 mm was chosen to give a reasonable trade-
off between deflection distortion and desired beam diameter. A 200um
aperture was used to obtain the minimum possible beam diameter for the.
chosen working distance. |
Having fixed the working distance, the Yens current supply to
the third condenser lens was varied unt{] the required working distance
‘was indicated on the SEM magnification meter. For a working d1stance of"'
12 mm, this lens current value {s 0.62 A on the Mark II A column. Figure
4.9 illustrates the relationship between the beam diameter and the lens
supply currents for the first two condenser Tenses of the electron column
(5]. To keep the beam diametér below 1000 A a va]ue of 5 x 107 -10 A was
chosen (see Figure 2.7) for the beam current, which is determined prima- |
rily by the first condenser lens. The resulting values of lens currents
were 0.50 A for the first lens, and 0. 54 A for the second condenser Tens.
The filament was always set up for saturation, wh1ch takes place
at a filament current of 2.4 A. A bias sett1ng on the electron gun of
position #4 was needed to bring the beam current in the gun Into the
100uA to 140uA range. Details on the opération of the Stereoscan _SEM 1in

regard to spec1men'104ding, pumpdown operation, and working procedure

generation were fnitially tested by the author. -but the aforementioned

Jsettings were found to yield the best overall results although an exhaus-
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Figure 4.9 Relation between spot size and lens currents
" for first two condenser lenses Cl and C2, at
various working distances. [6] '
- : \
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tive test was not carriéd out because of the large number of possibilities.

4.4.2 Alignment Procedure

-

Alignment marks must be used on the substrate surface to allow
dimensional caTibration of the pattern generator to the surface, and for
proper a]ignment to the scan fleld (rotational, as weli as X and Y direc-
tions). These alignment marks consist of a high atomic number material
(gold}, such that they may readily be detected in the SEM using the back-
scattered e]ectrons Ihe aTignment mark pattern, which was fabricated
for this work, consists of 4 cross hairs defining the corners of a .0356%
inch square (889um x 889um), as depicted in Figure 4.10 (a) Each line
of a cross hair {s 114.3um long-and 12 7um wide, and the gold is approx-.
imately 1000 A thick on a 200 A chromium base. - Complete detai]s on how
’ these a]ignment .marks were fabricated are. given 1n ‘Appendix B. It 1s .

important to note that the alignment marks already existed on the substrate
lsurfece for the cieaning and.resist application procedures described 1n
the previous sections Figire 4f$B)(b) iilustrates how the aiignment
marks are displayed on the SEM CRT isp]ay The dimensions of the align-
ment pattern were chosen 50 that the cross hairs .appear wel] within the
outer edges of the CRT dispiay, therefore reducing the possibiiity of -~
-aTignment distortion.r This also had the effect of easing the elignment
‘process. since all four cross hairs could be kept in view when moving the
. specimen stage. A ,' BRI

The a]ignment marks were p]nced 1mn to the left of the required
circuit positions, as i]lustrated in Figure e n, using optical altgnment

techniques. The bevels on the. 1eft corners pf the substrate serve to
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Flgure 4.10 (a) X42 Photograph of gpld alignment
marks on substrate surface.

As

- Figure 4.10 (b) X48 SEM photograph of allgnmant
o marks as they appear on SEM CRT
dlsplay |
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Figure 4,11 Alignment mark placement on lem x lem ST-X
quartz substrate, -
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define the X-axis of propngation for ST-X quartz. When initially loading
the substrate into the specimen chambér, a simple alignment gauge was

used to sight the targeé area of the electron scan onto the upper left-
hand edge of the substrate as depicfed in Figure 4.11. With an init{al
magnification factor of x50, coarse focussing and alignment of the verti-
cal edge were carried out. If the required workjng:pistance for litnn-
graphy was set, and the image on the CRT display was grossly out o% focus,

then the z-axis micrometer adjustment on the specimen stage was used to

_bring the substrate surface into focus. Fine focussing was achieved by

viewing a partic?e on the surface at x2000 magnification, usually the
edge of the siiver paint area, and adjusting the cun;ent to the third"
condenser lens, The stage was then moved to the Téft to bring the:align-

' ment marks into view, and centered on the CRT display. The SEM was then

-Bwitched to the working magnification for 1ithography', which is x100 for

a Iom x \mm fietd of view. At this point the pattern generator was
readied for use by setting the external clock frequency to 200 kHz, and
starting the alignment scan program which is resident in the monitor at :

Tocation *022#000. Jhis program produces a square perimeter 11Qe scan,

' whose dimensions correspond to the square defined by the a]ignment marks

~
-

(889um x 889um) By switching manually from the SEM mode to the external
scan MOde several times, the alignment marks and square 1ine ‘scan appear
simultaneSusly on the CRT display due to Hts long persistence. ' The align-
ment“process consists simply of adjusting the pattern generator X and Y
gain controls until the square perimeter -scan corners 1{ne up exactly with

the alignment mark centres.

The alignment scan exposes the PMMA resist, and:@ﬁe method of

»
.

[ s ‘:l“’-lt‘ha' -
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checking the alignment accuracy is to view ‘the developed line scan in
relatfon to the alignment marks under a microscope. With the alignment
procedure finished, the SEM was left in the external. scan mode and the
alignment program was halted, which blanks the electron beam. The speci-
men stage was then moved 2mm to the left to pasition the beam axis over

\

the centre of the circuit scan field.

4.4.3 Scanning the Pattern

- -

The exposure current needed to fuilly expose 3 given area of PMMA

coated substrate surface 1s given by:
183 4, O (4.0)

| | _ 2
where A = the area covered by the beam in cm
o . 2
S = the resist sensitivi;y in C/cm
t = time for scan to be completed in seconds
For the PMMA used in this work, S = 10" C/cm, and the resulting
time needed to expose the entire 1mm x Imn scan field with the given beam *

current is

N
: o
o . 4

. 000

- 5 x 107°

- 33:3 minutes‘




’ ‘ . : 98

This is a very long time, and demonstrates the slow Speed of PMMA resist.
Most devices. however, require only a 10 to 15% coverage of ‘the entire
scan field area, which brings the scan time down considerably. Patterns -
///ﬁ\\*neéquing close spacing of lines can be scanned at even faster rates {(or

less beam current} due to the cooperative éxposure effect.

In‘order to determine the scan speed (clock rate) that;shouid be .
used.to properly expose the PMMA, the information in Figure 4.2 (b) can
be used as a'starting point. Smith [3] and Wolf [26] have empirically

determined the Tinear beam dosage for 1inewidths ranging from 1.2um to

several thousand angstroms. The resulting value of dinear beam dosage is~ .

b=5x10" C/cm for 1inewidths around 0. 75um wide based on a silicon
substrate. ST-X quartz is 133 more dense than silicon, and will there-
fore require slightly less beam current for proper exposure. Using the
fact that the lingpr charge denéity Is equal to the beam current divided

by the beam velocity, one obtains : \

: . V= i/b (4.5) .
S 5x 07
. | 5 x10°°

= Tmm/sec.

The resulting clock rate for the D/A converters is calculated by
replacing the length unit in the ve]ocity by the equivalent number of
D/A steps or cycles. In this case, 16,000 steps represent Imm, and hence
the resulting clock rate 1s 16 kHz The theoretical calcu]ations for

scan speed are only meant .to give approximate 1hd1cat10ns. and it is
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accepted standard procedure to make test scans covering an appreciable

range of beam dosage about the tﬁeoretica] value. Having set the external

clock rate for the pattern generator, the pattern program was started *
and the circuit pattern was scanned and monitored at the same time on the

SEM CRT display. Upon completion, the stage was moved to another site on

the substrate for.further scanning, after having first refocussed and

re-aligned the beam 1f necessary.

4.5 Pattern Development

The first step in developtng the exposed circuit pattern consists
of removing the 400 R conductive aluminum Tayer. This must be done quickly
‘and with great care to avoid resist adhesion probTems A 10% solution of,
sodium hydroxide was used to etch away the aluminum layer, and this process
was usually achieved in 10 to 15 seconds. The substrate was then rinsed
with distilled water for one minute to remove all traces‘of the etch,
followed by low pressure dry nitrﬂgen drjing. The substrates were supporJ
ted with stainless steel triceps at ailltimes to avoid §urface damage and
to ease their handling. .

The PMMA developer used {n this thesis work is referred to as
'standard developer' by Hatzakis [30], and consists 6f a2 3:1 mixture
ratio.of isopropyl alcohol (IPA) to MIBK. Development times range from
45 seconds to 2 minutes, depending on the exposure conditions and minimum
linewidth present in the pattern Test baches must aiso be made at this
stage in order to completely characterize the development process because

of the unique‘féctors associated with each device and procedure. The

T e e et Bt b i s £ e e 2

substrates were immersed into the developer, with no agitation taking. -

[
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place, and were rinsed gent]y w1th IPA 1mmed1ate]y upon completion of the
development process. After the IPA rinse (about 10 sec.), the substrate
was rinsed with distilled water for 30 seconds, and subsequently blown
dry with dry nitrogen. The deve]oped pattern was then checked with a

high quality optical microscope (Zeiss AmpTlival pol. u) used in the re-

flection mode. . .
--~¢4/r-—ﬂ//<: 30 second spray of developer is commonly reconended [24] to

succeed the initial resist pattern deve]opment by immersion. The function
of this technique 1s to develop and rinse away stubborn scissioned mole-
cules, expecially the ones at the exposed/unexposed interfaces. The spray
technique was implemented by the author, but met with consistent poor
results. The spray always caused complete over- deve]opment and in most
cases, complete removal of the entire resist film. The reason for this
behaviour 1s that the type of spray required to perform the function is
not specified in the 11£erature. in regard to spray pressure,.droplet size,
nozzle to substrate distance, angle of* application, and pulsed o» contin-
uous operation. Consequently, the Spray pressure and dropiet size were
perhaps the reasons for failure of the technique when tried by the author.
It is evident that a fixed and repeatab1e set- up is required for post
development spraying, and since satisfactory results were obtafned by the
author-without'spray1ng, this particular area of investigation was not
“elaborated on. If a resist pattern is underdeve]oped upon 1nspect1on the
substrate may be immersed 1n developer aga1n._1n order to completely

develop the pattern.

- .L,,_ﬂ__._._‘& L
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4.6 Post Development Processing
' The processing techniques ueed after pattern deVe1opment are
highly device dependent, and therefore a simple universal process cannot
be generally applied. The definition of circuit or device patterns in a
positive resist does, however, lend 1tself well to the lift-off " techntque
Sub:= micron Tinewidth structures can be fabricated 1n one of two common
ways; the etch process, or the 1ift-off process.. A comparison of these
two techniques 1s shown in Filgure 4.12, for the particu]ar case where the
required circuit or device feature cons1sts of a metallized array of lines,
The key initial difference between the two techniques is that the etch
process starts off with the required metal type and thickness already
~applied to the substrate surface before resist application. The resist
coating, E-beam exposure, and development processes are identical for
both techn1ques The numbered arrows for the E- beam exposure 1nd1cate the
order in which the 1ines were vector- scanned, in a direction perpendicu-
lar to the plane of the Page. In the etching process, after development,
the correspond1ng spaces between the required array of 1ines are etched
away into the metal layer The etching technique may be dry or wet, but
dry etching is usually preferred for sub-micron geometries, since §t
yields better results with Tess undercutting [31]. The resiet on the
surface of the substrate protects the metal underneath 1t from the etch
process, and this metal then forms the desired circuit pattern after
restst removal. _ . |

The 11ft—off technique reiies on the slightly:uhdercut profile
" of the resist after development for 1ts successful operation. Hhen eva-

porating the required metal onto the patterned surface, a discontinuity
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12 Sub-micron circuit fabrication techniques.
{a) Etch process.

(b) Lift—off process.
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e

in the metal layer.occurs wherever a 1ine s exposed down to the substrate
surface When the resist. layor is removed, only the metal which adhered
to the substrate surface remains, thys realizing the required circuit
features. This technique 1s successfu1 only when the following criteria |
are satisfied [3]: _
(a) the resist wall profile is either!uertfoal or slightly undercut
(b) the meta) thickness does not exceed 60% of the resist thickness
(c) the evaporated metal strikes the substrate surface at right
e ang]es ,
Lift-of f with PMMA {s accomp]fshed by soaking the substraye 1n
hot trichloroethylene. With mild agitation, the process takes about Sq
- minutes for complete resist removal. Some resist layers need up to several
hours of secaking, and extremely stubborn layers may be ultrasonically "

agitated for very shoft periods {1 to 5 seconds). Extended u]trason1c

agitation will eventually 1¢

d to device failure since the meta] circuit

features themselves will start\to 1ift off from the surface.

The groperties of PMMA satisfy the requirements of both the_st -

and Tift-off fabrication techniques. Onge. the basic pattern is defined |
in the PMMA resist, a number of various processing techniques are avai?-
able to the device designer, incTuding substrate etching, thin film
etching, selective {on implantation, and materia] evaporatfon. A combi-
nation of these techniques may also be'applied in the case of transistor
fabrication, for example. However this requires mu]tiple patterningy
.and consequent re- registration to the same altgnment marks (covered with
resist layers: from previous exposures) 1n-order to mainta1n pattern.over-

lay accuracy. This latter techn1que has its own unique set of prob]ems

b ]




-

-

104

associated with it, and will not be dealt with in this thesis.

4.7 Identification of Fabrication Problems

1

4.7.1 Pattern Generation Errors

A total of more than 200 cirCUits were scanned by tﬁe author in
the process ‘of character1z1ng the ent1re E-beam 11thograph1c system. The
equ1pment as well as the processing techniques, had to be verified and
characterized. Aside from the usual problems which plague electronic
cfrcuits and computer systems, one key error was discovered with the
operation of tpe E-beam pattern generator from early tests. The cross-
over point for the D/A converters Qas not a smooth transition, with more
than the usual step value of one Teast significant bit occuring. The D/A
crossover point occurs when enabling of the most significant bit from a
previous condition of all ones (except the MSB) causes switching from the
negative reference power supply to the positive ane. The effect of this
prob1em on a test circuit is illustrated in Figure 4.13. The test circuit
consists of 200 fingers each 7,500 A wide, scanned with a 1 Sum- periodi-
city in 4000 A of PMMA. A distinct vertical line is noticed close to the
centre of the array, which corresponds to a gap caused by the D/A cross-
over. The problem was reétif1ed by incorporating 10-turn trim potentio-
meters into the D/A converter electronics.

A persistent prob1em of pattérn overexposure which lasted for
several weeks was also traced to the pattern generator. The problem Was -
found to be so obscure that the author deems it important to mention its

circumstances in this thesis, ' Although the pattern generator visually
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Figure 4.13'D/A converter zero-crossover
defect in test circuit.
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.

appeared to be s;anning the circuit pat%erns properiy, the least signifi-
cant bit of the Y axis D/A converter was inactive. This caused the E-beam
to sit at one particular scan point fof twice the intended time, which of -
course overexposed that region, and undercut the resist profile right to
the adjacent line scan. Upon development, all of the resist was conse-
quently always removed. The problem was origina]iy masked because of the
low resolution monitoring equ1pment and the ‘apparent' proper funct1on1ng
of the pattern -generator.

An initial grid scan was made to check for any scan field distor-
tion which would 1imit the accuracy of circuifs made with the system.
The grid scan was programmed into the pattern generator, and consisted
of a 100 x 100 array of 10um squares, covering the ent}yb 1mm x Imm scan
field. Figure 4.14 il]ustrates the grid scanned into a 4000 A PMMA layer.
* The'grid was observed with a high quality Zeiss Amplival pol. u microscope,
and no appreciab]e pincushion or scanning distortion was noticed/ Only

a very sTight widening of the scanned lines at the scan field perimeter

N
. i
was noticed. . , ‘

4.7.2' Device Prqcessing Problems

The test pattern used in characterizing the E-beam 1ithography
system consisted of a 1 GHz SAW delay line, with finger width and spacings
equal to approximately 7,500 R. The pattern generatér was initially
programmed such that the eiectron.beam was preset from one finished écan
feature to the next. An example of this may be when the beam has Just

finished scanning the fingers on the input tEansducer, and is then preset
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Figure 4.14 10um grid scan in PMMA.
(a) X44 optical photo of entire field. -
~ (b) X90 optical photo of upper left corner.
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to the output transducer area for furtﬁer scanning. Presetting of the

beam over a distance of moﬁe than about 100um caused beam lagging effects,
as depicted in Figure 4.15. This lagging effect {s caused by the Timited
speed of the electron deflection system and its associated support elec-
tronics. Figure 4.15 (a) shows the resulting effect on both the connection
pad and the end finger of a metallized transducer. The problem can be ‘
alleviated by incorporating a software generated delay to match the de-
flection system response. An easier approach simply involves scanning

the beam to the next location with the beam blanked, which was the approach
. used in this work.

Cooperative exposure effects became evident when scanning a large
filled-in area adjacent to a sub-micron lTinewidth array. Figure 4.16 (a)
illustrates this effect, and the overdose is seen to affect finger defi-
nition as far as 20um from the connection pads. The finger scan was made
at a 14 kHz clock rate, with a specimen current reading of 5 x 107 -19 A.

The pad scan was completed at a 12 kHz clock rate, w1th a spec1men current

reading of 7 x 10 A. The f1ngers were exposed first, and both exposures
were made at an accelerating potential of 20 kV. The pads must. be expose&

with a Tower dosage in order to avoid this problem.

A problem which plagued the device development process qﬁité often
was the 1ifting of the unexposéd resist lines from the substrate surface.
Figure 4,16 (b) illustrates the problem, which has been dubbed ‘the spag-
hetti effect' by the author, due to its appearance. The.resist Tines in
.. 'this case correspond to the spaces: between the fingers of the fiﬁal device.
There are several factors thch may singly or collectively cause the_

spaghetti effect:



109

AN .ri‘wli“w RO

(b) | N :

Figure 4. 15 X390 optical photographs |IIustrat|ng

beam-lagging effects (a) on both finger
and pad, and (b) on end finger.
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(a) oyerexposure of the fingers, where the neéative slope profile

~ =

undermines the resist ]ine from both sides
(b) ‘overdevelopment of the exposed pattern

(c) "excess agitation or surface pressures ‘encountered in the
development process N

(d) poor resist adhesion, due_to a dirty‘substrate,!poort

substrate/resist adhesion properties, residual solyents

or water in the resist layer, or 1mproper1beking procedures

IncompTete removal of the 400 A conductive a]uminum layer can

cause severe problems with the development process. If a thin 50 A
“layer of .aluminum were to remain on the resist-covered surface, thfs

would hinder the deve10pment of the pattern, resu]ting in 1onger devel-

opment times, apd usually endfng with unsatisfactory results, /gince

these thin a]uminum residues are difficu1t to detect vfsua]]y, it 1s

importdnt to make sure that the sodjum hydroxide (NaOR) etch has had
,3suff1c1ent time to remove the entire aluminum 1ayer Etch'tfmes in ex-

cess %;.20 seconds -should be avoided s1nce§3pis may . adverse]y affect the
‘ resist adhesian 1o the suﬁstrate A fresh f11tered etch was made for

'-each processing day, to avoid contamination of the resist Surface before
W

v

( developmant. 'f\ o T ’

The 11ft-off technique Was used for the fabrication of the various

circult structures in this thesis. Lift-off is the last process step in _
completing‘/he device fabrfcatign .0ther than lead connection and packa-:
_ ging. Imcomplete 11ft-of€ at _this stage results dn~eev1ce failure since

short ‘circuits are usua]ly created between cfrcuit structures as a result

N - .

o
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Exémp]es of this problem are illustrated in Figure 4.17. Several pbssib]e
causes for incomplete lift-off are:
| (a) deposited metal thickness is too great
(b) insufficient or no undercut in resist edge profile
(¢) meta[ is deposited onto sur%ace at various angles other than
perpendicular to the resjist p]dne
(d) resist is baﬁed too long after spin coatiﬁg, causing

excessive adhesion to the substrate surface

- /
jZS/F’- The lack of an undercut or straight resist profile is usually

due to improper exposure conditions, but can also be caused by jntense_

‘ or pralonged heating during the metal evaporation process [30]. For this
reason,” the evaporation of the circuit meta](f) must be made as quickly
as possible. 1In order to approximate perpéndicular incidence of the

evaporated metal onto the patterned resist layer, the distance between

I§” the evaporation source and the substrate surface should.be relatively

large (530cm) if possible. A further problem occurs when two metals must
be evaporated, since the source should ideally approximate a po1nt source.
To solve th1s problem, a special filament holder j1g was implemented by
the author, which is illustrated in Figure 4.18. Basket-type tungsten

| filaments were used to evapotate the various metals (gold, chromium,
aluminum), and the holder a]waed close positioning of the two filaments,
with a metal shield separating them to prevent interaction and mutual

contamination.
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Figure 4.17 (a) Incomplete lift-off.

(b) Close-up of circuit in (a)

113



114

Figure 4.18 Internal view of vacuurﬁ chamber
showing filament arrangement.
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4.8 Conclusions

This chapter has dealt with the various aspects of electron
resists,'ahd in particular with PMMA. When PMMA és exposed by an electron
beam,-the resulting linewidth depends on:

ﬁa) nature of the polymer

(b} Tinear charge density

(c) polymer film thickness

(d) substrate Etemic number |

(e) acce1erat1hgﬂpotentia1

(f) proximity of other exposed regiuus

a

The details of substrate preparation were presented, and can be
summarized as fo]]ows _ o ' ”T\L
(a) spin and vapour-clean substrate | o

(b) bake at 80°C for 1 hour ,

{(c) apply PMMA resist by spin-coafing at 4000 RPM o
" (d) post-bake substrates at 170°C for 20 minutes |

(e) mount on specimen stubs with si1ver.pa1nt aﬁd.cure"

. -]
(f) evaporate 400 A aluminum conductive layer onto resist

The det}]s of the pattern ‘sure were also presented The
SEM parameter settings used for the proper exposure of 7,500 A lines in

a 4000 A PMMA 1ayer-over a imm x Imm field, were as follows:

(a) 20°kV accelerating potential
Lo A10
(b} .5 x"10" A specimen current

12rm working distance
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(d) 200um final aperture

(e) condenser Tlens currents of 0.5, 0.54, and 0.62 A for first,
second and third lenses respectively |

(f) filament current of 2.4 A to saturate gun

(g) 100-140uA beam current for #4 bias setting

(h) beam diameter between 600-1000 A

Procedures for alignment and pafterh scanning.were given, a]oné
with pattern development, which basically involved the following sfeps:
' (a] remove substrate from specimen holder
(b) etch away Al Tayer in 10% NaOH
. .. (c) develop in 3:11IPA to MIBK for 45 seconds to 2 minutes,
dependent on pattern and exposure conditions
(d) rinse with IPA for 10 seconds
(e) rinse with distilled water fsr 30 seconds

(f) blow dry with Tow pressure dry nitregen

Several types of post development processing techniques were
mentioned, with particular emphasis given to the lift-off technique.

F1na11y. the problems which were encountered in the various stages of

T T T T R L b e g e e e & SR . v e en . o L

device fabrication were discussed as well as the squtions which were

app]ied by the author.

l
|
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CHAPTER 5
APPLICATION: FABRICATION OF A ] GHz SURFACE ACOUSTIC WAVE OSCILLATOR

5.1 Introduction

This chapter will begin with a brief introduction to the surface
acoustiglwave'phenomena, and how tﬁis_phenomena can'be utilized to build
delay lines, filters, and other structures. The fundamentals of delay-
line type SAW oscillators wi)l then be covered, leading up to the design
implemented in this thesis. The design parameters for a 1 GHz delay line
will be developed, along with considerations for testing and packaging.

A complete and detailed fabricat1on summary wil} be given, including
substrate preparation, SEM parameter settings, exposure ~conditions, and
subsequent development procedures. Finally, test resu]ts of both the

delay line and the oscillator will be 11lustrated and discussed.

5.2 Fundamentals of SAW Oscillators

. The basic principles of surface acoustic wave devices can best be
i]iustrated by referring to Figure 5.1. Two metallic interdigital trans-
ducers (IDTs) are positioned on the supface of a high]y polished substrate,
which have an aperture width W, and finger width d, and a periodicity of
- 2L, where L is the finger to finger centre spacing. These transducers
‘usuaIIy ,consist of several thousand angstroms of a]uminum, and connection
pads are proyided for interfacing to either a radio frequency (r.f.) source

L4

or an electrical load.  The substrates used for SAW devices are piezo-

-
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Figure 5.1

Schematic of basic
scheme for SAWs,

Substrate

Acoustic Wave

generation and detection
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electric, and therefore electric field variations on or close to the
surface 1n§uce corresponding mechanical or acoustic variations in the
material. A devite which allows or makes possible the controlled trans-
fer of electrical energy into acoustic energy.(ahd‘vice ;ersa) is called
a transducer. The IDT happens to be one specific kind of transducer

~ which is best suited for the genération of acoustic waves on a piezo-
electric substrate. ' If an alternating voltage source is applied to an
IDT, the corresponding adjacent fingers will alternate in potential along
with the driving source, qng the resulting electric fields interact with
the piezoelectric material to generate acoustic waves. The acoustic
waves leave the transducer in a bidirectional fashion, and their perigd
or wavelength undersfandab]y correspond to the period of the transducer
fingers. Since the majority of the energy coﬁtained 1n the acoustic
wave lies within several micréns of the surface, fhe waves are referred

_ to as‘surface acoustic waves. With the iriput’ IDT generating acoustic
waves, an output IDT some distance away can be used to detect and re-
convert the acoustic waves back to e]ectrical signals. .These signalé
can then be fed to a load for further processing and amplification.

The principle advantage of SAH devices is the relatively slow

speed of the syrface waves, a factor of 105 times slower than electro-

' (\magnetic wave propagation. Thi# means that relatively iong deT;ys can
be realized in very short d1sfances, which makes SAW delay lines quite
attractive, -Numerdus other configuarations can be realized; including
tappéﬁ delay 1ines, filters, convolvers qgglgther specialized circuits
[32], [33], [34]. The frequency range of operation for SAN devices

extends from the low megahertz regidn to several gigahertz, and is

[ S LRIE S L)
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directly determined for a particular device by the period of the IDT,

which corresponds to an acoustic wavelength. This fundamental relation-

ship is §1ven by:

fo

va/AA 1)

n

where fo = centre or synchronous frequency of operation in Hz

n

v, = surface wave velocity in m/sec.

Ap = acoustic wavelength (=2L) in metres

Table 5.1 illustrates several popu]ar SAW substrates and their.
corresponding properties [32].- The piezvelectric coupling qonstént k2
gives an indication of the transduction or coupling efficiency for a
particular substrate, The 1on§ delay and zero (Ist order)-temberature
coefficient of ST<X quartz make this substfate a suitable choice for
osci]]gtdr applications. Various configufations exist for SAW oscillators
[35] which utilize both delay line and resonator structures.

This thesis application concerns 1tseif with the delay line type
of SAW oscillator. BasicéT]y, a SAW delay line exhibiting a. fixed and

r— . stable delay is put in the feedback loop of an'amplifier with excess
gain, and oscillation at the delay line centre frequency results. This
configuration is illustrated 1n'Figure 5.2. The loop {s able to support

-~ a qsmb of frequencigs-for which the:total phase shift around the loop is
" equal to.an integer number of cycles or 2r radians, therefore:
2nf,2

——vg-+ o = 2pj  (5-2)
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Figure 5.2 Schematic of basic AW delay Tine oscillator.

*

122



123

wher';a'fA = allowed frequencies of oscillation due to Toop delay
2 = distance between phase centers of the two IDTs in
. acoustic wavelengths (metres) |
g = electronic phase shift due to amplifier in radians
p = positive integer # 0

-

The first term in (5.2) represenés the total phase shift in the
SAW delay line, and this value is usuajly quite large (several hundred
2n radians) in comparison to the amﬁIifTer phase'shfft (<2r). Hence,
the totai loop delay is determined primarily by the SAW device, ahd

neglecting e the allowable osci]]apion frequencies are:

fa = Pa Kz : (5.3)
If the delay line had all-pass filter characteristics, then the
Toop would oscillate at all the frequencies which satisfy (5.3), biven
the appropriate wideband amblifier. However, a uhiform, constant aperture,
non-apodized IDT pair .exhibit a 1imited bandwidth frequency response, *
which has the form [36]; ' ‘

E(x)° . [ﬂ—s,{-’l—x] ‘ o | (5.4)

-~

2
where E(x)

amplitude response of delay line

]

number of fingers in IDT

o




S ] ‘
) and x:;Lf%;L} - ?;J ran1ansl égblgd (5.5) .
- * i l

| o

Therefere, the simple SAH'delay line_exhibits a sinc-function type
frequency'response: This inherent bandpass characteristic can be used.te
se]ect a single frequency operating mode for the delay loop. To choose s
the operating frequency, the delay 1ine response is sfmp1y centred on f, -
(the - desired frequency) yielding an acoustic wavelength from (5.1) of

va/fo To ensure that the neighbouring Toop modes are sufficiently

suppressed, the delay 1ine s designed such f-”t the nodes of the 31nc
‘frequency response fall exactly 1n the positions of the adjacent allow-
uab]e frequenc1es, when viewed in the frequency spectrum. In order to
achieve this cond1t1on, the nodes of the response must first be determined

" from (5.4). The nodes of (5.4) occur when X = mn, where m 1s an integer ¢ 0.

Using this re]ation in (5.5), the result 15

f
mr = %’-[1 - ?:—:-]

. ’ N . ’ :
/\——\ ” - | H zrn
N RS -a | |
L. ' . : - ;F -

where f = frequencies where nodes occur in

(5.6)

sinc response \

’

LY

Letting N = n/2 represent the number ofafinger pairs in the transducer.
or alternatively. the length of the transducer 1n acoustic wave1engths,
then (5.6) becomes:

L] ! .

. : . . . L.
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fn=fo[ -W]J m#o .t5.7)

The above equation demonstrates that the distance batween adjacent
nodes for the s1de1obes of" the fr'equenQ response is fo/N. In order to
“position’ these nodes at the adjacent allowable frequency positions, .the
inter:a} between allowable loop freque%c1es must be made equal to the

node interval. The Ioop frequency interval 1s obtained from (5. 3) as’

A /2 and equating to the node 1nterva} .
- ' N
Va/E = fo/N
A ) SO 4
& : . \' '_ o
J - = No | | © o (5.8)

1 Equation (5.8) describes the pr1nc1p1e criterion for suppression
.of mode ambiguity in the de1ay Tine oscillator, which is to make the
delay pathlength between

transducer. Figure 5.3 shows the ypicaI norma]ized response of the SAN

output transducer to prevent second order effects due to close
proximity of 1ﬁ'ut-and output IDTs., The amp11f1er used in the feedb
Toop shou%d/d on rat"pigh power and Tow noise capabi?ities,
“to obyain a f¥rdng, clean output spectrum— “A-directional co p1er can be

used on the output of the amp11f1er to increase ‘the poWer output capabi-

-
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Tity of the oscillator, and to provide some isolation. Further details
on the SAW delay line oscillator regarding substrate specifications,

’ [
amplifier considerations, stability criteria, matching, and second order

effects may be found in [36].

5.3 Design Parameters'for 1 GHz Delay Line

DeTay line SAW oscillators offer distinct advantages over resonator

type structures at frequencies. in the giacahertz range, and this accounts
“
for the1r popular’use in this region [37]. The advantages of much h1gher

Qs for resonator structures in the lower megahertz region are offset at

1 GHz due to the increased losses for resonator structures. The fine qu

tuning and modulation capabilities of the delay line oscillator also in-

fluence its choice for this frequency range.

It was decided to implement a ZOOAA delay line, with a 40AA length
output transducer f%hese design parameters ted to a 75% coverage of the

scan f1e1d length, which was considered adequate in determining the 1itho-
4

graphy system's accuracy. Rather than centre the design exactly at 1 GHz,

a more yonvenient acoustjc wauglength was 1nitja11y_chbsen, such that

. subsequgnt measurements could be made moré easily. A wavelength of 3um

was chosen, which from (5.1) yields

-

.

-3 150

f GHz (5.9)
*3x 0 ”ms ' |

The 3um wavelength 1mp11es 7,500 A space and finger widths for a unity

mark/space ratio. The parameter N has a1ready been chosen equal to 200

wh1ch leaves only the aperture w1dth W to be determined. . The-aperture of

A i kA AT s e i iy S = e S e an e o e
. .
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. - . 1‘
the input transducer was chosen to yield a reactive impedance equal to
/500 at the synchronous frequency, which resulted in the minimum untuned ~

insertion loss [38]. HKence, from the work of Slobodnik [39]:

" _ ’ .
JmoET " 50 ‘ . ﬁ\‘
Cr = 1/100xf, ] (5.10)
C . )
T T
W o= , (5.11)
CFFNAo _ _

where CT = statfc capacitdnce of transducer in pF
' CF? = capacitance per unit length of a single period for

unity mark/space ratio, in pF/m

L]

50.8 pF/m for quartz

Ao = acoustic wave1ength of synchronous frequency

W =.aperture width in wavelengths

Substituting (5.10) into (5.11), and using the given parameters,

the aperture width becomes
1/100nCFF o - (5.]2)
= 100 wavelengths

c. . ‘ o . ‘..
. .

where N = 200 fipger pairs or acoustic wavelengths
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This concludes the theoretical design/ of the SAW delay 1ine, and consider-
ations for connection pads and packaging will be covered in the next
section on device fabrication. A summary of the designed parameters for

i ~ .
the delay line is given in Table 5.2.

5.4 Fabrication Summary

The Tem x Tem ST-X quartz substrates were c1eaned and coated with
PMMA using the same procedure out]wned in Chaptet 4, sect1on 4.3. A
resist thickness of 4000 A was chosen to ensure a successful lift-off
technique, with mgtal thicknesses of notmore than 1200 A being applied.

- The SEM parameter-settings which were used for the successful

‘exposure of the 1 GHz SAW delay line are ‘as f61]ows: ‘
Accelerating voltage: ‘ 20 kV .
Fi]ameﬁt current: ) 2.4 A (saturated)
Beam current: - 135,A @ bias #4

Lens currents: Condenser #1 - 0.5T A
. . . Condenser #2 + 0.54 A
Condenser #3 + 0.62 A

, Working distance: ' 11.8m ,
Magnificat}on: - X 96.5 (for x100 setting)
Fing] aperture: ‘- 200um
Spec}meh current: 5x 107" A
Fiﬁg r scan rate:"‘ . '15.5 kHz
" Pad sgan rate: 3 13.0 kHz

~ Asp c1&11zéd computer program was written to scan the required .
- SAW delay line pattern, rather than utilizing the general-scan format

program resident in the monitor. This decision was prompted by the

o




TABLE 5.2

Summary of SAW Delay Line Design Parameters

\_J

Centre Frequency:

Acoustic Wavelength:

Delay Pathlength:
Delay Line Aperiure:
Finger Width:
Mark/Space Ratiq:

Input Transducer
Lertgth:

No. of Fingers: °

Output Transducer
Length:

No. of Fingers:

1.05 GHz

3.0um
200X,
1003
7,500 A
-

20016
400

403,
80
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simplicity and repetition inherent in the required pattern, and program
loops were used extensively in the software. The resulting’[ength of the
program was shorter than the equivalent size of memory which.woqld have
been needed to store all the individual pattern data p01nts Tota] scan
time for the entire circuit was 3.5 minutes, and a halt was incorporated’
at the end of the finger scan to a]low_qpanging of the scan 'speed (clock
rate) for the connection pads. The delay line connection pads were-
scanned in a raster fashion, wiéh a Tum incremént1ng distance between
* adjacent 1ine scans, and at a slower scan rate to ensure complete resist
remov£¥\\\The scanned suéstra}es were subsequently immersed in a 10%
NaOH solution for 12 seconds, and then developed in the standard PMMA
developer for 95 seconds. The development procedure which was used is
outlined in Chapter 4, section 4.5, ' o Ve
The developed pattern in PMMA resist is shown in Figure 5.4, éf
horizontal finger connection pads for the larger input transducer measure
642um x 60um, while both sets of the protruding pads measure 162um x 162um.
Figure 5.4 (b) is a SEM photograph showing the exposed 1ine structure at
the connection pad interface. The light- co]oured areas in the photograph
correspond to the PMMA resist, while the darker areas correspond to the
substrate surface from which the exposed resist has been developed away.
The angled line in the top right corner of the picture is the end of the .
' 60um connection pad. - )igure 5.5 1Ilustrates the excellent definition
iwhich can be obtained using E-beam lithography These SEM photographs

are close-ups of the finger structure near the connection pad, taken

-
SO h e b it At e e e om e
.. . .

from the device 111ustrated in Figure 5.4 (a). It can be noted that

there is no discernable waviness or 1rregu1ar1;y associated with the




-

Figure 5.4 (a) Developed pattern of 1 GHz
SAW delay line (x 45)

Figure 5.4 (b) x 980 SEM photo of finger

and pad area.
5’\_
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- Figure 5.5 SEM ,bhotos iIIustfa}ing,éxposed
- finger areas near pad. (a) x 10,600
R . (b) x 21,200
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walls of each line 5can, qualities which usually plague puotothtﬁéraphic

exposures.

Measurements were performed on each comp]eted e€xposure to determine

the accuracy of the alignment pracess. In all cases, the Y- ax1s a11gnmegt

was exce]Tent as observed by the 1ntersect1on of ‘the horizontal a11gnment
scans (now Visible after deve]opment) with the centres of the alignment
cross hairs. Tuiiﬂzpservat1on was made with a microscope which has
fac111t1es for measuring observed d1mens1ons {(eg. calibrated graticule).
Smith [3] has determined that alignment accuracies of 0.1¢ can be obtained
using the visual alignment procedure outlined in sect1og 4.,4.2 of Chapter
4, for a Imm x Imm scan field. Measurements made on the delay-line

period and 1linewidths 1nd1cated a deviation from the design d1mensions

The observed Tinew1dth was 7,680 A instead of the predicted 7,500 A
Measurement of the X-axis a11gnment scan indicated that the X-axis was
aligned to 910um instead of the requjred 889%um, corresponding to a 2.4%
error. This behaviour was noticed for four separate scans and alignment

procedures, even though the SEM CRT display fﬁE:EEEEd -exact>alignment.

 each time. It was concluded that there was a calibration error’ 1n the .

X channel of the SEM electronics, which was never corrected for any of
the work presented in this thesis: | ' \ -

Aside from the aforementioned probiem, the resu]ting patterns met
all specifications. The mark/space ratio 1s unity for al pract1ca1
purposes as evidenced by Figure 5.5 (b) As ‘soon as possible after .
deve]opment the substrates were put fn a vacuum coating unit (Edwards |
Mode] 12 E), preceded first bAa 15 minute bake cyc]e at-80°C to remove

any residual moisture. At a pressure of 5§ x 10” torr, chromium was first
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evaporated, using a f11ament current of 30 A for approximately S minutes.
A 200 A layer of chromium was depos1ted to improve the adhesion charac-
ter1st1cs of the aluminum to the substrate [40]. The evaporation of the
chromium was followed 1mmed1ate1y by evaporation of a 706 E layer ot
aluminum. Thickness determ1nat1on of the evaporated layers was made by
incorporating a bulk. wave resonat1ng crysta1 1ns1de the chamber, and ‘
mon1tor1ng the change in oscillator freghency as the metal is evaporated
[41]. The evaporation must be done qu1ck1y and eff1c1ent]y in order to

a oid excess heat build-up inside the chamber,‘wh1ch could result in
degrad tion of the resist profile, causing subsequent device failure at

the A4 ft ff stage. The substrates were always carefu11y centred exact]y

above the evaporation sources, and at a he1ght of 26cm. which was 11mited

tr

. due to the bell jar dimensions. | R ‘ o L

Upon removal from the vacuum coat1ng un1t the substrates were

placed in hot tr1ch1oroethy1ene (m80°c) and the lift-off process was

' usually completed within 5 mlnutes. Stubborn resist lines were removed

with_] or 2 second intervals of ultrasonic agitation. A 1 minute distilled

water rinse, fo]]owed by dry nitrogen drying comp]eted the device fabr1-

. cation, except for the connection leads. The protruding connection pads

were 1nit1a11y 1ntended for gold wire bonds. however, the author experi-
enced hardships in attaining good bonds wit&*the’azailabIe equipmeht

The extreme]y thin oxidized a]uminum pads and the fragtig’finger structure
~could not sustain the acoustic bonding energy needed to make a good bond,

with bonding attempts usually resulting in complete destructlon of the

.o circuit features Alternative]y, a second set of connection pads were .
fabricated us1ng photo]1thograph1c techniques, wh1ch interfaced with the

\ “
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delay line pads and brought these four connections out to large, readily ’
.accessible pads on the edge of the substrafe. Hence a two stage 6r level
processing technique was required to yield the final device. Theasecond
stage involved making a flexible mask from a rubylith master, and using
the conformable mask exposure techn1que, along with photo 1ift-off to
fabricate the extension pads. The procedure whiéh was used follows thgt
given in Appendix B very closely, where the alignment mark fabrication

is outlined. The f]e#ib]e chromium mask of the exXtension pads, along
with the conformable mask vacuum jig, are illustrated in Figure 5.6 (a).

A 3cm x 3cm aluminum circuit frame with OSM type terminations was
used to house the SAW de]ay line. The substrate was fixed onto a copper
circuit board by means of General Electric #102 RTV sealant. The circuit
board was de51gned _and constructed such that 502 microstrip ‘transmission
11nes formed the connection between tie OSM term1nat10ns and the substrate.
Fine gold-plated wire was used to connect the delay line to the 509 micro-
strip lines and the ground p]énes. Silver paint was used for connections
on the substrate surface, while all other connections were soldered.

Figure 5.6 (b) i1]ust;afes the final packaged delay Tine., The fouf-machine
screws wefe used to ensure a good ground connection from the mefa] case

to the.ground plane on the surface of the copper circuit-board.

. 5.5 Test Results

The frequency response of the SAW delay 1ine was measured us1ng a
Hewlett Packard (HP) 8555 A spectrum analyzer in conjunction with an
HP 8444 A tracking generator. The resuTting frequenay response is illus-

trated in Figure 5.7. The dip anomaly in the main lobe of the sinc
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Figure 5.6 (b) SAW dsiay line mohnted in 3 cm x 3 cm test package.
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Flgure 7 Frequency response of SAW delay line.

.
]

* Log reference: 0 dB
' Vertical: 10 dB/div.
‘Bandwidth: 300 kHz.
: S Horizontal: (a) 20 MHz/div.
/ : : (5‘5 MHz/div.
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response,” as well as in the first higher sidelobe, will be discussed

f;tEr in this s

ut11121ng thequgya1 $ran facility on the tracking generator to position

tion. The delay line centre frequency was determined by

the output‘frequency right at the péak of the response. Hav1ng accom-
plished this, the output frequency of the tracking generator was measured
u;th an nP 5340 A frequency counter. ’The centre frequency measurementrwas
1.0183 GHz. The expacted centre frequency, allowing for the alignment
error and based on the actual acoustic wavelength measurements, was
1.0254 GHz, yielding a 0.7% error. Mass loading of the surface wave was
not accounted for in the design, although the aluminum layer was made
qufte thin. It is also anticipated that a slight upward shift in the
centre frequency would occur if tn; dip anomaly were not present

The measured insertion loss of the—delay line at the centre fre-
quency was 24 3 dB, which is quite respectab1e for an upmatched delay
11ne at this: frequency The delay line was then matched, using single

stub- tun!ng, to determ1ne the minfmum Insertion loss pos51b1e By match-

' ing the output transducer only, (using 500 air line) a total insertion

. loss of 19.5 dB was achieved " Single stﬂb tuning can be a \‘1 planar

'technique for matching narrowband SAW- transducers to 500 Systems, and

further details are presented by the: author-dn [42]

The dip anoma1y in the frequency respenpe\was repeated in three
separate tést circuits, although no‘:fpd1ly visible. defects could be N

observed in—the developed-pa;terns . The placement accuracy of the delay’
, . . e

line fingers was suspected, and th1s prompted'tne testing of the X-axis

QEﬁ converter. The micrdcomputer was programmed to step slowly through

‘the SAW delay‘1fpe program, while the output voltage of the X-axis\D/A

r"’?

-.s—r.‘a.;.-h. St
e




converter was beina accurately measured and recorded.  An HP 3350 A
'mu1ti—fuhctjon meter was used to measure the voitaaes. and a dispfncemént
error of almost 4 LSB was found to occur whenever the.'secghd' nost
sianificant bit chanaed. This resulted in almost 30 of the input trans-
.ducer fingers being displaced by approximately 2.300 E relative to the
f
restlof\the fingers. This offset would definitq1y cause phase cancel-

A

/JJ{?;;;“dt ceftain frequencies, and is most Tikely the sole cause of the A
dip~an0ma1y observed in the frqqubncy responses.  The D/A converter error
~coutd Hot be corrected without resorting to a number of circuitry changes,
and néw D/A units could not be made available befare the completion of
this thesis work.

For SAW oscillator purposes; the shape of the delay line frenuency
response is not critical, as long as the response has a majcr peak, with
sidelobe and spurious levels well below the peak value. An oscillatorme

was implemented by incorporaéing the delay lite in the- feedback loop of
an HP B8447F preamp]ifiér/poweramplifier. A llarda Model 4012C-10 10.dB
direction;{rcoupTer was used at the amplifier output to couple the |
appropriate signal level back ihto the loop. A Kay Elemetrics Corp.
Model 461B switchable attepuator was used to adjust the proper loop gain
level, such that oscillation Just occurs. The test set-up for observing
and measuring the output Power spectrum of the SAW oscillator is illus-
trated in Figure/5.8. The measured spectrum ts illustrated in Ei?Uré
5.9. The power output of the SAW oscillator was +6 dBm into 50:. Figqure
5.9 (a) démonstrétes the absence of spurious modes from 500 MHz up to
1.5 GHz+ and Figure 5.9 (b} gives an indication of the oscillator stabi-

1it}. Further tests were not made, since the oscillator was not Fabri-
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Figure 5.8 Test set-up for measuring SAW oscillator output spectrum.
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Log Reference: +10 dBm

Bandwidth: 300 kHz

Log Reference:+10 dBm
Ve‘rtical:' 10 dﬁ‘/div.

. N '

Horizontal: 2 kHz/div.

Bandwidth: 0).3 kHz

Flgure 5.9 Output powor spect}um of 1 GHz
SAW osclllator




143

cated as a comp]ete functional unit, but only used to demonstrate the

. behaviour and potential of an E-beam produced SAW delay line.

5.6 Conclusions . |
" The basic characteristfcs of surface acoustitc waves have been
presented and properties of the SAW 'delay line have been deve]oped ‘The
: advantages and features of SAW delay lines were d1scussed in re]at1on to
their ideal application to de]ay line oscillators. Design deta11s were
then derived for a*t"GHz SAW delay line osci11ator followed by a des-

- cr1ption of the fabrication steps 1nvoTved in buwlding the delay 11ne

Test results were presented for both the delay line response and the \
oscillator spectce] response. The excellent: resolution and contrast
produced by E-beam tjthography'has been demonstrated by the developed
patterns of the delay line. An error in the 11thography system operation
was detected, basedron_analysis of the delay line frequency response. A |
4 LSB shift was detected in the X-axis D/A converter operation which

had the effect of offsetting 4an entire section of thé pattern by 2,300 ﬁ
Correction of this problem will yield an accurate and functiona] pattern
generator design. A minor calibration enror in the SEM X-channel proces-
sing e]ectron1cs was also detected and correction of this<gpdﬁTem witl

ensure a repeatable and accurate aligmment procedure. (] '

Lineiliadotind
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. CHAPTER 6
" FURTHER EXPERIMENTAL STUDIES

6.1 Introduction

This chapter gea]s witn the scanning)of variousspatterns other

than the 1 GHZ SAW delay Tine, in order to further demonstrate the flex-
ibility and operation of the des1gned s!ttern generator Results for a

2 GHz SAW delay Tine scan will be given, aldng-with the fabr1cat1on para-
meters used in its deve]oQ\Ent. The definition and scanning of patterns
by means of the monitdr progranfwill be covered, and the scanning.of $
alphabetical letters will)be.used to demonstrate thts process. Finally,
a bubble memory circuit strdtture was sqanned ‘on a substrate, and made
use of a pattern shane subroutine Efrgchieve data compaction and.shape :
f]exibi]ity A section follows which summarizes.the pattern generator
characteris nd possib]e modifications to the basic des1gn as well

as its future potentia], are also discussed.

-6.2 2 GHz SAW Delay Line o .. . -
It was desired by the author to test the ult1mate resolution |
caﬁiﬁ?qityeof~the E-beam 11thography system. This was achieved by
(;canning a 2 GHz version of the 1 GHz SﬂiiHeIay line, which was already
fabricated and is- cdyered in the revious chapter. Several simpTe
modif1cations had to .be made in order to successfully scan the higher .

.n‘frequency delay line. The first was to set the magnification setting

144‘ S s
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on the SEM to &200, s1nce/all d1mens1ons would be exactly one half of
their previous value for the 1 GHz des1gn. The other consideration was -
the required scanning speed. A factor of two .increase in scanning speed

was immediate]y.2¥ident since the new scan field was half the“size

(gm x Ym), ard the resulting single bit resolution was 31a.5
‘ - e

. S

further correction in the linear scanning speed was necessary, ho ever,

due to the increased effects of cooperative exposure. A summary of the
SEM exposure parameters L(ed for the GHz delay™line scan followss

Accelerat1ng voltaget: " 20 kV.

T ' 7 R

Condenser lens currents: #1 +70.48 A - / P
) #2 + 0.54 A . - K
. - " #3/+0.60 A > ' ‘ |
Filament current} . 2.4 A (saturated) ‘
Beam current: ~ 166uA at bias #4' Jj) e
Magnification: = . x192 (x200 setting) -
R !
Working dtsance: nem %
. ' ’ 3 1 L,
Final aperture: . 200um ~
. -10 M .
Specimen current: 7 5x70 A ;; ' L K\
Finger scan rate: | 36 kHz :
- Pad scan rate _ 32 kHz g Y

The deve]opment procedure was similar to the one ‘used for the 1 GHz

‘ evice. with the only exception being the shorter dévelopment time of 50

A
econds for the 2 GHz delay Tine exposure.. Figure 6.1 illustrates the
resu]ting patterns obtdined- in the 4000 q(ﬁhMA resist Tdyer The results
appear promising for the ab111ty to scan 3000 A 11newidths routinely, 1

with some additiona1 research needed in the area of optimum apertures,
_ working‘ﬂistance, lens currents and beam dosages. It was ois:zzif.

-

. B By : ) | ﬁ‘;.;
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- *“F.gure 6. Q(a) x900 photograph of 2 GHz SAW delay
. . llrkpatte_rn in 4000 A PMMA.

’?*gure 6.1 (b) x9,800 SEM photo of 3000 A
R nger structure of dplay lme m (a)

Y
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the exposure parameters for these closely-spaced narrow Tinewidths were
very sensitive, and had a small, 1imited range for proper development .
Development times also became more critical and generally shorter in
duration: Figure 6.2 illustrates the appearance of the developed test -
circuits on-the substrate surface, and also shows the a11gnment ~scan

lires on the top right section of the substrate

- i
6.3 General Format Scanning ‘

. In order to demonstrate the use and flexibility of the pattern |
generator monitor program, an alphabetical pattern was designed. The
Tetters were drawn on a grid, after the height and line thickness were
chosen. - The deéima] coordinatesAof'eaoh letter (somewhere in the 16,000.
x 16,000 patternrcoordinate grid) were then entered directly into, the *
pattern generator microcomputer by means of the keyboard/disp]ay un1t
Total data entry time for the six a]pl?hét1cal 1etters was approx1mate1y
2 minutes. By subsequently ]oading the general format scan program, the
required_pattern was monitored on a CRT storage ‘oscilloscope. The cor-
rect data was then loaded onto casset;hktape for _permanent storage .The
pattern was then’ scanned onto a 4000 A -covered substrate. the results °
of which are il]ustrated in Figure 6 3 ?I;A The letters are 10um high, .
with Ium 11newidths This procedure has 111ustrated the simplicity of
pa ern data entry. as well as the pattern comp]ex1ty and variety which
- are possible, by ustng the resident monitor, program to generate the

desired Scanpattern. The further advantage of a fast turn-around time
between the ofta\sﬁecification on pager, and its final’ imp]ementation in

scanning a; pattern. was also demonstrated, ' :




Figure 6.2 Several 480-finger 2 GHz SAW
delay lines scanned on a substrate.
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Figure 6.3 (a) Alphabetical pattern scanned in

PMMA using general format scan
program. -

< _

Figure 6.3 (b) 60um x 60um array of T-1 bubble
| memory structures. |
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6.4 Bubble Memory Fabrication

(ns Most pattern generators for E-beam Tithography usually have a
facility. for f1111ng 1n rectangular pattern features automat1ca11y, by
using either a raster or spiral scan. The rectangle is coded by two
corner coordinate pointsz which specify both its size and position, and
are usually decoded by either the .software or the hardware in the pattern

generator. This process can be ifplemented by means‘of a subroutine,

" and to demonstrate the procedure, a T-I bar bubble memory pattern was

—

/

T

chosen [43], [44]. 1In this case, rather than setting up simple start
- ' and stop points for the fill-in scan (as with ectangles}, the subroutine
is actually scanning a repetitive non-sta rd shape each time it is |
accessed. The T-I bubble ﬁemoryﬁrequired two subroutines one for eacﬁ

. un1que circuit feé ure. The input data was coded with two bits B/pﬂco— .

t
ordinate, one 1nd1ca¥gng an X or Y transition to the next circuit feature,

and the other indicating that either a 'T' or an 'I" psr should be
scannedl) Hence, only one coordinate point (16 bits total) was dsed to
completely define each ¢Nrcuit feature of the bubble memory pattern. A

60um X 60um 36 element bub emory array was scanned, using the latter

>

technique, and is illuStrated in Figure 6.3 (b). Figure 6.4 illustrates :
B o .
' - . inewidths, with .
o (”\ideta1ls of the T-1 ba,/expes re, wh1ch featu 4,600 A Tinewidths, with

T and I-bar lengths Oum, and a T-bar widfh of 6um. The SEM photos

-f in Figure 6.4 are tak---at a 45° tilt, Facihg away and into the p]ane of

the page. A 16.5 kHz scan rate was used for tbe pattern exposure and -

» the other"SEM parameter se ings were similar to those qsed for the 1 GHz

\.yﬁ ae]ay line.

The high resolution capabi}ities of the E-beam 1ithography system are

/

The total pattern writing time was Just under 0.5 seconds.



1

'Fuig'ure__ 6.'4'Close-_up SEM photos of 4,600 A-
S IinewidéhT-l bar circuit features.
(a) x 4,900 " (b) x 19,500
R
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- demonstrated here again, as with the SAW dejay line circuits. The bubble

memory test scans were all made on quartz substrates, strictly for demon-

stration purposfﬁ, and exposure parameters would necessarily have to

-

garpet-film-substrates are used in bubble device fabrication.

Didcussion and Conclusions ///‘\‘h"::)

The scanning of several circuits has been discussed, with each

change W

6.5

one #ilustrating another facet or mode of operation foe the microcomputer-

coritrolied pattern generator "The 2 GHz SAW delay 1ine scan has demon-

and matching‘a]ignment.scan. YA higher resolutidomyi s obtained,
which beyond a certain poinf (@1000 R) wiﬂl‘aff t only the beam place-
ment accuracy, as opposed to the minimum 1inewidth which can be scanneds
The variable scan fielq fedture %s extremely useful when working with

/ The SAW oscillator deley 1ine is one<examp1e where the-“/same software

devices which. have frequency-determining dimensions,nzjgh as SAW devices..
'ﬁ data and program can be used to scan de]ay lines covering an entire
i

_? range of frequencies merely by changing the scan f1e1d size. The mode

se]ectio and frequency response properties of the various de]ay 11nes .

+. remain the same, as well as the 1mpedance matching characteristics The
variable scan-field technique is a150 being used in industry today to
. shr:lnk standard-sized circuits (e.g. integrated circuit or bubble memo-~ /

' ries) which is followed by invest1gation of the resu1ttﬂg circuit oper-
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ation and effects on its performance, in the interest of achieving
higher circuit densities. All of the atorementdoned feaéures and
applications can be readily implemented wfth the designed pattern
genegator. ,.' |

The general format scan program and the us¥ of the moz:tor

routine have been. d1scussed with referggce to the scanni an alpha*

bet cal pattern. This procedure has demonstrated the‘ems d simplicity ' ' | ?

of program1ng Zfbas1c pattern using the pattern generator The monitor

- routine for patitern data’ development is 1dea1 for structures-such as

high frequency field-effect transistors (FETS), experimenta]xbubb1e
memory circuits, low finger count SAW devices, and many other planar
devices which require, or could bene‘ t from, high resolution pattern <>
definition. The time required to establish a functional pattern scann1ng
program is re1at1ve1y short, especially when coppared to the phetolitho-
graph1c process™\of cutting and peeling a rubylith mask. The monitor
program_a1so aliows quick'and easy editing,of the pattern data to be
performed Changes can be made in seconds, as compared£0 the" necessity
of generating an ent1re1y new mask using the photolitho phIc process.

: The\scahning of a bubble memory circuit array has 1so been .

discussed This procedure has déemonstrated the bse of memory-saving

1

' shape subroutines which are able to scan entire circuit features, given o ]

ST et g

only a 16-bit reference coondigate. . The comp]exjty‘g$’the stored'shape‘
is limited only by the available memory space, and the abil?tsfof the
pattern generator hardware to scan the required pattern The type-of

- fill- 1n scan used for ]arge areéa circuit features 1s also software pro-

g . e ae L e & n

gramab]e. and not dependent on the scanner hardware The coding scheme
‘ il
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used_for the stored data, when interpreting the required scan conditions,
can also be user-programab1e,‘and has no effect on how the pattern co-
ordiﬁates are handled *by the hardwired scanner.

In summary, the pattsrn generator is able to scan v1rtual1y any
shape or circuit conf1gurat10n imaginable, with angled and irregular
shapes being approximated to the accuracy given‘by the D/A converter
resotution. {or the minimum attafnabl;tT}hewidth in the resist, whicherer
s larger). This flexibility is possible due to the ;;corparation of a
simpTe veétor—scén hardwired'scanner,,and by allowing a{] the.decision-
.making and specifications to be made Sy the microcompﬁter. This confi-
guration prevents built-in obsoTescence;)gince new scanning procedures
and shapes can simply be programéd into the pattern generator. PoésibTe

- modifications to the’pattern generator deéig;’;Z} include software con-

\-Jtrol of the D/A converter clock rate. This wou]d allow linear beam
dosage var1at1on wh11e seanning a pattern which can be very useful when
accounting for cooperative exposuﬁt effects Varying the c]ock rate

- (i.e: scan rate) is preferable in this 1nstance s1nce changing the
1ncident beam current may affect other SEM parameters such as the beam

[

diameter




CHAPTER 7
CONCLUSIONS
\\e,// —\

The relevance of electron beam 11thography in the present and
—_-'\

i

near-future field of electfonic citcuit integration has been d1scussed
thereby justifying the need for further research in this area to meet the
. increased resolution demands Several large- sca]e E-beam systems exist
in the wor]d today, and a11 can be characterized by their sophisticated
control of the SEM scanning parameters, and extensive computer and
assoc1ated peripheral support systems. In this thes1s work, a complete
e1ectron beam lithography system has been des1gned and implemented.
" The des1gn objectives involved the construct1on of a microcomputer-con>
trolled pattern generator, and ijts interfacing with a commercially-avail-

able scanning electron microscope.

Design criteria for the pattern generator was based part]y on a .

o

study made by the author of the various scann1ng techn1ques being used
present]y, and their relative advantages and- disadvantages Another
factor that affected the overall system design was its proaected end use,
which entai]ed making experimental one-of—a-kind circuits or masks in a
res®arch oriented.atmosphere ~These factors Ted to the final design,
which 1nvo]ved a hardwired vector scanner controlled by an 8-bit micro--
computer. The pattern generator was also designed to. be a development
system, whereby a monitor program was used to transform a pattern 3

dec1ma1 coordinates 1nto the appropriately-coded binary data. Th1s fea-
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ture allows operator interaction by means'of a keyboard and display,
and subsequent data storage on cassette tape is also provided. '
Several available variations in the operation of the pattern
generator exist, due to the flexibility of seftware progtaming. The
monitor program, in conjunction with the general format scan program,
provide a duick and efficient manner of scanning a'simp]e circuit pattern.
' Simp‘ repetitive patterns such as gr'atings may be generated by writing
customized software programs, which utilize loops for the repetitive °
scans, and do not require external coordinate data input. Repetitive
structures wh%ch aredmore comp]ex‘may be scanned by means of 'shape’
subroutines. The essehtial scanning characteristics of each repetitive
c1rcu1t shape are stored in separate subroutines, and are called upon
whenever the proper code and a reference coordinate are detected. This
'latteg mode of dperation allows substantial savings in memory require-

ments ‘for the storage of the pattern data. These three modes of pattern-

—_
generator operation offer'the designer a means of generating a Chrcuit
. pattarn in the most efficient mannee, su1tab4e~t0‘thefqﬁ51§t;:;P::d
features present in the circuit structure. '

- The pattern generator was interfaced to a Stereoscan Mark II A
scanning electron ﬁicroscope,'and the comp]ete operational procedure of
scanning sub-micron Tinewidth circuits was covered in-detail. SEM para-

S meters and their relationship to the successfu] exposure of circuit pat-
‘terns in PMMA resist were derived and explained: Pattern development
was outHned and a general overview of the avaﬂab‘type; of post

deve1opment processing was- given Several prob]ems in the operation of '

the 1ithography systeh“heee encountered, and their effects on the qBa11ty
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or the exposed petterns_were demonstrated. Solutions to these problems
re also discussed. ~ - |

A 1 GHz surface acoustic wave delay line was fabricated to demon-
strate the E-beam 1ithography system operation and accuracy. THE delay
Vine consisted of 480 aluminum fingers, each r7,§80 A wide; and separated
by the same distance. SEM photographs of the exposed Tines in the 3000 R
PMMA layer clearly illustrate the superig;/re;o1ufion and contrast ob-
tainable with the electron beam 1ithography system. The delay line was
.then incorporated into the feedback loop of an aqglifier with excess gain
to 1mp1ement-a SAW oscillator. The centre frequency of operat}on was
withi 0.7% of the expected value, although it was 2.4% lower than Jthe
or1gina1 design-value due to an alignment problem in the SEM. Power
output of the SAW oscillator was +6 dBm, and there were no spurious modes
, detectab1e in the output spectrum from 500- MHz to 1500 MHz. A dip anoma-
1y was detected in the SAW de]ay line frequency response and was later
traced to0 a fau]t in the pattern generator D/A converters,

Further experimentation with the E-beam 1ithography system was

carrieq.put to i]]ustrate,the various pattern generator modes of operyf’
tion. An alphabetical-pattern was generated”using-the program monitdr

for initial Hata input and subsequent’ scanning. The s1x 1oué high 1etters

were scanned on a 4000 A PMMA resist layer in less thah 200'msec. A ’i’),;

2 GHz SAW delay line with identical-features to the previously mentioned

1 GHz design was a]se scanned. A special scan program.was written te

generate the required delay &7ﬁe‘features without the need for external .

data fnput. Finally, a T-I hubble memory array was scanned to illustrate

the storing of the 'T' and.‘I' shapes in program subroutines. All of
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the storéd data on the cassette”consisted only of coded (2 b1ts/§oord1-

na reference coordinates. For the 36-element array wh1gh was scanned,

only 37 rd1n;;es (16 bits each) were needed to completely define the
geometry K

’ In summary, an inexpensive and flexible pattern generator has
been ‘designed, which can'be interfaced with a ébnmerc%a]]y available
SEM to.form an E-beem Tithography system. The system features a fixed
stage with a maximum usable field of view of Tmm ; Tmm. Linewidths
down to 3000 K were obteined, and the lithography system operation was

t - verified by the successful fabrication of a 1 GH? surface acoustic wave

oscillator.

ke
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" APPENDIX A

\\;‘\\\. " THE MONITOR PROGRAM

The monitor program was-written in mochino ]anguagé format,
based on the instruction set of the Intel 8008 microprocessor. The
program was edited and assembled using the PDP 8/L c,minicomputer, which
served as a host computer for the miroprocessor ‘editorn. and assembler
programs [45]. ‘

The first program listing presented in this appond1x applies toy./ T
the general input progréﬁ. This program must always berloaded before
any data Ynput can take place from the cassette. The 1n?§ruct1ons must
be toggTled into the m1crocomputer by hand, using the switch register on
the front panel. This Toader program is used to load either the monitor

'program, or any. other program or data 1nto the m1crocomputer RAM memory
from the cassette tape The program requ1res two user-sélectable inputs,
which are: 7 i . :

~(a) destination oémorﬁ‘address, i.e. the s%arting dddreso-whére

the input block of data will be transferred to

(5) data count in octal, i.e. the number of eight bit bytes

‘ which are to-be transferred .

The destinatiop memory address is speo?fied in octal, and- s

loaded manually into the fo]]oﬁing locations:

//(#,/ least significant byte of address + *023#002
L most significant byte of address + *023#004

159 . .' ' .o T
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The de;;‘zbunt is also specified in octa],(and is loaded hanua]]y
ig}o the following locations:
least significant byte of data count *0234010
most sign{f%cant byte of data coent' _ *023#606
When loading the monitor program, the destination memory becomes
*020#060, and the required data count is 002(H) 202(L), where Hand L
represent the h1gh and low order b§%€§ respectively. The monitor 11st—
/1ﬁ§’;;;19ws the general rinput program 115t1ng, and contains four separate
" programs ' ‘ ' ) AN - |
(a). the monitor program proper . &\ :Y\ -
S.A. = *020#100 ‘
(b) perimeter line scan alignment’ program
S.A. = *022#000 |
(c) general format scan program
S.A. = *022#100
(d) cassette loader program-
S.A. = *022#220
_ “When the monftdr,program is starfed, the converted data-block re-
: suﬁtiﬁg from the keyboard inﬁit coordinafes 1s always stored with the
starting addressrat-*024#ooq. Upon completion of the input data entry,
the monitor program automatically looks after the loading of appropriate
data counts and starting addresses into the general format scan and cas-
sette loader programs - The operator need only record the octal data ‘
count which appears on the keyboard display after.typing the EXIT key;-
and this count will be needed when the data is to be retrieved from the -
. cassetteat a later date. The comments supplied with the program list-

ings furtherﬂe;plain their operation.
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. GENERAL INPUT PROGRAM

(For Monitor or Data) ‘/]
*023#000 250 XRA /CLEAR ACCUMULATOR .
011066 LLI /SET UP MEMORY POINTER b
02 | XXX JLSB OF DESTINATION MEMORY
03|056 LHI
04 | XXX /MSB OF DESTINATION MEMORY
051016 LBI /SET UP DATA TRANSFER COUNT
06,1 XXX - /MSB OF DATA COUNT
07026 LCI ~ ‘ |
10 (XXX /LSB OF DATA COUNT
- 111103 INPT J/INPUT UART STATUS
. 12 {044 NDI . ) .
13 {040 n /CHECK IF READY TO RECEIVE DATA
141150 JTZ /RETURN TO WAIT IF NOT :
15011 _
16 1023 .
17 [101 INPO JINPUT 8-BIT BYTE
201370 LMA JSTORE IN MEMORY .
21060 INL . A -
221110 JFZ / INCREMENT MEMORY POINTER : /S
23 1026 . >
241023
251050 INH .
261021 DCC /DECREMENT COUNT LSB
27 (302 LAC )
- 301004 ADI . :
31|00 . '
32[10 oFz — ’A
33|01h - !
34 [023 | o
35|011 DCB JOECREMENT COUNT MSB -
36120 JFS /1F COUNT FINISHED, .THEN HALT
37 g;] /OTHERWISE RETURN FOR MORE DATA

41(000 HLT . ' -
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MONITOR PROGRAM LISTING

N

/" OPDEF RKB:105;0 /READ KEYBOARD INPUT
OPDEF CKF;107;0 /CLEAR KEYBOARD FLAG
OPDEF BEAM;155;0 /E-BEAM ON--DISPLAY LED ,
OPDEF DPY1;157;0 /LED DISPLAY #T LOAD (LEAST SIG. DIGIT)
OPDEF DPY2;161;0 . /LED DISPLAY #2 LOAD
OPDEF DPY3;163;0 /LED DISPLAY #3 LOAD
OPDEF DPY4;165;0 /LED DISPLAY #4 LOAD -
OPDEF DPY5;167;0 - /LED DISPLAY #5 LOAD (MOST SIG. DIGIT)
OPDEF CLR;17130 ~ /CLEAR ALL DISPLAYS
OPDEF YLED;173;0 /Y-DISPLAY LED
OPDEF XLED;175;0 =~ /X-DISPLAY LED
OPDEF ACUL;13%0 /LOAD OUTPUT PORT WITH ACCUMULATOR
OPDEF BMON;151;0 /SET BEAM ON FLAG :
OPDEF STSN;147;0 /START SCAN -
OPDEF YLSB;141;0  ° /LOAD LSB REGISTER OF Y
OPDEF YMSB;137;0 /LOAD-MSB REGISTER OF Y
OPDEF XMSB3133;0 . /LOAD MSB REGISTER OF X
OPDEF XLSB;135;0 /LOAD LSB REGISTER OF X
OPDEF STAT;103;0 /CHECK UART STATUS : \
OPDEF UOUT;121;0 . /OUTPUT DATA VIA UART .
OPDEF MCL;153;0 - /MASTER CLEAR AND RESET - .
' . R I . / o ) .
e . / N
*020#060 '
HLT . . .
HLT = .
HLT
- HLT
HLT L .
HLT /HLT GENERATES AN ALL ZERO CODE IN THE
HLT y - *"/ASSEMBLER, WHICH CLEARS THESE LOCATIONS
HLT /INITIALLY FOR BLANK DISPLAY PURPOSES .
HLT o :
HLT '
HLT
HLT .
HLT
CHLT : o
HLT , : .
HLT ‘
XRA /CLEAR ACCUMULATOR _
LCA : | o :
LLI 076 /SET UP MEMORY POINTER FOR DATA STORAGE,
LHI 020 /STORED IN LOCATIONS *20#076 (LSB) ‘
LAT 000 ‘ - /AND *20#077 (MSB) -




START,

READ,
AGAIN,

LMA
LAI 024
INL

LMA
XRA

ACUL

CLR

LBI 350
INC

JFZ AGAIN
INB

JFZ AGAIN
CKF

CHECK,
LEA
. NDE

JFZ CHECK
LAE

NDI 017
LEA
LAE

sul 012
JTZ XDATA
LAE

SUI 013

JTZ YDATA.

LAE

SUI 014
JFZ READ
LLI 077
LAM

SUI 024
LBA -

~DCL -

LAM .
LCA

LAB
ACUL
DPY4
LAC

NDI 007
ACUL

- DPY 1]

LAC

NCI 070
RAR
RAR
RAR
ACUL -
DPY2
LAC .
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/CLEAR THE KEYBOARD DISPLAY

/DELAY LOOP FOR DE-BOUNCING THE
/KEYBOARD ‘ :

/JCLEAR KEYBOARD FLAG
/READ KEYBOARD |

TURN TO READ AGAIN IF NOT
/MASK~OUT 4 MSB

;ggecx FOR INPUT'FLAG RAISED

/CHECK FOR X KEY TYPED?

/CHECK FOR Y KEY TYPED?

/CHECK FOR END OF DATA INPUT?
/IF NOT, IGNORE -INPUT AND RETURN TO
/READ THE NEXT KEY .

/RETRIEVE MEMORY POINTER FOR START

/OF EXIT ROUTINE, AND SUBTRACT THE
/STARTING ADDRESS TO YIELD DATA COUNT IN
/REGISTERS B(MSB) AND C (LsB) '

~ /OUTPUT MSB OF DATA COUNT TO LED DISPLAY

/USE MASKING AND ROTATION TO OUTPUT

. /THE LSB DIGITS OF DATA COUNT TO

/LED DISPLAY




. DEL,

LSTK,

_ XDATA,

YDATA,
CONT,

KEYRD,

, LLI 075 . /SET X/Y SOFTWARE FLAG -

164

NDI 300 - - ~

RLC

.RLC

ACUL
DPY3

LEI 000 | - 0 . L
LDI 350 , - ~
INE - /DELAY ROUTINE FOR KEYBOARD DE-BOUNCE
JFZ DEL -

IND

JFZ DEL

CKF - . "/CLEAR KEYBOARD FLAG

" RKB * /READ KEYBOARD

NDI 020¢— .

JFZ LSTK JCHECK IF ANY KEY TYPED?

XRA /CLEAR KEYBOARD DISPLAY

ACUL

CLR

LHI 022 . /STORE DATA COUNT VALUE INTO

LLI 226 /CASSETTE INPUT PROGRAM

LMB | o '

LI 230 - ‘ ~

LMC : :

XRA o

LAB | /DIVIDE DATA COUNT VALUE BY 2

RAR _/AND STORE RESULT INTO GENERAL SCAN
tgg . /PROGRAM - ]

AT >
LCA e
LLI 107 | -

LMB N

LLI 111 %

LMC :

HLT . /END OF PROGRAM

XRA /START OF X DATA ENTRY ROUTINE

XLED - * /JTURN ON X LED DISPLAY

JMP CONT _ . o
LAI 377 - .
YLED - ~—""

LMA :
LDI 070 \\\ * /SET UP COUNT PARAMETERS
LEI 372 -

LLI 060 '
XRA: ::;
LBI 350

LCI 000
INC -

JFZ' MORE /SOFTWARE DELAY FOR KEYBOARD DE-BOUNCE

-

+

~
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LU

WAIT,

BOFF,

BCONV,

INB
JFZ MORE
CKF

RKB

LBA

NDI 020
JFZ WAIT
LAB

NDI 077

LBA

LAB

SUI 015
JTZ START
LAB

SUI 016

JTZ BCONV

LAB
SUT 017
JFZ BOFF
LI 060
BEAM

LAI 377
LMA

JMP KEYRD
INE

JTZ START-

LAB
LLD
LMA
ACUL
DPY1
DCL
LAM
ACuL
DPY2
DCL
LAM
ACuL
DPY3
DCL
LAM
ACUL
DPY4
ocL
LAM
AcCuL
DPY5
IND
JMP. KEYRD
W .

St

N T SRR O

- ST - 165
/CLEAR KEYBOARD FLAG - | RIS

/READ KEBOARD INPUT DATA S
/CHECK INPUT FLAG. C . :
© . /RETURN AND WAIT IF NO INPUT

© /MASK ouT THE FLAG BIT

-

/CHECK FOR RUBOUT. TYPED? oL
JIFYES, RETU gSTART_ Coe T -

/CHECK FOR NEXT TYPED? '
/IF YES; GO TO BINARY CONVERSION ROUTINE

mmmmummwmwj .o
., = . . . ' \( . . :
mm%sxmonuu ~ : S
— % o L -
~ /SET BEAM ON-FLAG | o -
/RETURN -FOR NEXT KEY . - T |
/TEST FOR MORE THAN 5 DIGITS?

/1F YES, -ABORT _ ‘ ' t
AROUTINE TO DISPLAY ANI\?RE ' S
" /ENTERED DIGITS, AND ALSO STORE

-/THEM IN MEMORY

-

/ROUTINE TO CONVERT HEXADECIMAL NO. TO BIN. .. . “




LOOP,

DCD
DCD

" LLD-

LANM-
RLC

RLC .

RLC
RLC
INL

LDA .
DGL
DCL
OCL

RLC
RLC
RLC
RLC
INL
ADM

DCL
DCL
LBM
LLI
LMI
INL

 XRA

LLI
LAM
RAR
LMA
INL
LAM
RAR
LMA
RAR
NDI
JFZ
XRA
LAB
RAR
LBA
LAC
RAR

" LCA

LAD
RAR
LDA

050 -

200

050 °

200 °
DVFIN

166

N

/THE FIVE HEXADECIMAL DIGITS WERE STORED
/PREVIOUSLY IN FIVE SEPARATE MEMORY .
/LOCATIONS. HERE, THEY ARE NOW GROUPED
/TOGETHER INTO THREE 8 BIT REGISTERS,
/(B,C,D) CALLED COLLECTIV5L¥\NUMD

| /INITIALIZE THE 16-BIT RESULT REGISTER

/(NUM) FOR A SHlfT COUNT OF 16
/SET MEMORY POINTER FOR NUM MSB
/ROTATE NUM RIGHT ONCE

\

JTEST IF LINK=1?

"% . /IF YES, CONVERSION IS FINISHED

/START OF NUMD:2 ROUTINE

~ /ROTATE AND.STORE BCD DIGIT #5

JROTATE AND STORE BCD DIRITS #4-AND #3

" /ROTATE AND STORE BCD- DIGITS #2 AND #1




BYTZ2, -

BYT3,
a4

‘BYT4,

NBI 200

NDI 010
JTZ BYT2

NDI 017
SUI 003

NDI 360

NDI 200
JTZ BYT3

NCI 360
SUT 060
NDI 017

LAC

NDI 010
JTZ BYT4
“NDI 017
SUT 003

NDI 360

NDI 20Q
JTZ DAFIN

NDI 360
SUI 060

NDIL. 017 .
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/PRESERVE LINK (REMAINDER) AND:STORE
/IN MSB OF REGISTER B ) "

/START OF DECIMAL ADJUST ROUTINE
/CHECK FOR BCD DIGIT #1:8?

/G0 TO NEXT DIGIT IF NOT
/DECIMAL ADJUST BCD DIGIT #1 ,

/TEMPORARILY STORE RESULT IN REGISTER E

/CHECK FOR BCD DIGIT #258?
/GO TO NEXT DIGIT 'IF NOT

/DECIMAL ADJUST BCD DIGIT #2

-

- /COMBINE RESULT WITH BCD DIGIT #
/AND RE-STORE IN SAME LOCATION

/CHECK FOR BCD DIGIT #3387
/GO TO NEXT DIGIT NOT

J/DEGIMAL ADJUST BCD DIGIT #3
o /TEMPORARILY STORE RESULT IN REGISTER E

/CHECK FOR BCD DIGIT #4387 . -
/JUMP TO DECIMAL ADJUST FINISHED

/DECIMAL ADJUST BCD DIGIT #4
9

/COMBINE WITH BCD DIGIT #3 AND RESTORE

/ROTATE NUM AND RETURN FOR NEXT
DIVIDE BY-2 SEQUENCE

e -

e
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JMP LOOP _
CVFIN, XRA . /HEXADECIMAL TO BINARY CONVERSION FINISHED
LLT 050 o
* LAM
RLC
LMA : o |
LI 075 /SET MEMORY POINTER FOR X/Y FLAG
LAM
ADI 001 /GENERATE A CARRY IF FLAG IS SET FOR Y
LLI 050 | | '
LAM
RAR - /MOVE X/Y FLAG VALUE INTO MSB OF NUM
LBA' /(HIGHER -BYTE) AND STORE IN REGISTER B
LLI 060 .
LAM : /LOAD ACCUMULATOR WITH BEAM ON/OFF FLAG
ADI' 001 /GENERATE A CARRY IF BEAM ON
LLI 051 |
e . S
RAR /MOVE BEAM FLAG VALUE “INTO MSB OF NUM
LCA : /{LOWER BYTE) AND STORE IN REGISTER C
LLI 076
LDM /RETRIEVE MEMORY POINTER FOR DATA STACK
INL :
LEM
LHE . /SET UP MEMORY POINTER: IN REGISTERS H AND L
LLD
LMB /STORE THE CODED NUM IN DATA STACK
INL
LMC | . -
INL /INCREMENT MEMORY POINTER FOR NEXT CYCLE
JFZ RESET : .
. INH . \
RESET, LDH /TEMPORARILY STORE MEMORY POINTER.
LEL . ./FOR DATA STACK
" LHI 020
LLI 076
LME
- INL ) ,
LMD
JMP START ' - ~ /RETURN FOR MORE KEYBOARD ENTRY

b

: ;ggz#ooo " JPERIMETER LINE SCAN PROGRAM FOR ALIGNMENT
MCL: © /MASTER CLEAR AND'RESET

L
T T Sy T Sy,
e
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#-

RESCAN, LAI 060

ACUL
XLSB -
YLS8 /LOAD BOTH X AND Y LSB TO SCANNER REGISTER
BMON | /TURN BEAM ON . | " ;:;;) "
STSN | /START SCAN - : \\4,—1(
LAI 100 ,
ACUL |
YLSB - /LOAD NEXT Y LSB
LAL 167
ACUL -
YMSB /LOAD NEXT Y MSB
BMON
STSN /SCAN LINE WITH BEAM ON
| XMSB ‘ | —
v LAI 100 :
ACUL |
XLSB /LOAD X MSB THEN X LSB
BMON
STSN /SCAN NEXT LINE
LAI 060
ACUL .
. YLSB /LOAD NEXT Y LSB (SAME AS AT START)
LAI 010 - -
ACUL _
YMSB /LOAD NEXT Y MSB (SAME AS AT START)
BMON
STSN ~ /SCAN THE FOURTH LINE |
JMP RESCAN ~ ./RETURN TO REPEAT ALL SCANS CONTINOUSLY
.- /o -
] W
/ e ’
/ .
/ ‘ .M
/. :
*022#100 > /GENERAL FORMAT SCAN PROGR&”
XRA : ™
MCL - /MASTER CLEAR AND RESET — N .
LLI 000 - : :
LHI 024 - /INITIALIZE MEMORY POINTER TO DATA BLOCK
LBI 000 .  /REGISTERS B AND C HAVE BEEN LOADED WITH
LCI 000 /THE MSB AND LSB OF DATA COUNT+2 RESP.
* JMP INPT | SR 4,
RSTR, - XRA - : :
- DCC " /DECREMENT DATA COUNT
L, - .
“ADI00) ¢ o |
JFZ INPT /RETURN FOR MORE DATA IF COUNT#O ~
| - | , o ]f ™




INPT,

NOVF, -

CNTU,
XDTA,

PNT,

BEOF,

MEM,
END,

DCB
JTS END

* LAM

RLC

JFC XDTA
RRC -
ACUL
YMSB

INL

JFZ NOVF -

INH
LAM

ACUL
YLSB

RLC

JFC BMOF
BMO

STS

INL

JFZ CNTU

INH
JMP RSTR
RRC
ACUL
XMSB
INL
JFZ PNT
INH
LAM
ACUL

&

- XLSB

RLC

JFC BEOF
BMON
STSN

INL

JFZ MEM

- INH

JMP RSTR

CHLT

/

*022#220
XRA -
LLI 00

-/TURN E-BEAM ON

/RETURN FOR NEXT DATA PAIR

/LOAD REMAINING X DATA BYTE INTO ACCUM.

. /INITIALIZE MEMORY POINTER TO START OF

/ ' 170

/HALT WHEN COUNT=0
/GET FIRST DATA BYTE FROM MEMORY

/CHECK X/Y FLAG BY ROTATING LEFT
/RESTORE BIT POSITIONS FOR Y DATA

/OUTPUT MSB OF Y TO SCANNER REGISTER '
/ INCREMENT MEMORY POINTER

/LOAD REMAINING Y DATA BYTE INTO ACCUM. ‘

/LOAD Y LSB INTO SCANNER{EGISTER (
/CHECK FOR BEAM ON FLAG STATUS

/START SCAN
/ INCREMENT MEMORY POINTER

/RESTORE BIT POSITION OF X DATA s &

/LOAD X MSB INTO SCANNER REGISTER
/INCREMENT MEMORY POINTER

JLOAD X LS8 INTO SCANNER REGISTER

/CHECK FOR BEAM ON FLAG STATUS
/TURN E-BEAM ON

/START SCAN*

/ INCREMENT. MEMORY POINTER

/RETURN FOR NEXT DATA PAIR
/ - '

/
/

/ ! . N
/CASSETTE LOADER PROGRAM




INWT,

NXT,

LHI 024
LBI 000
LCT 000
STAT
NDI 020
JTZ INWT
LAM
uouT
INL

JFZ NXT
INH

XRA

DCC

LAC

ADI 001

JFZ INWT .

DCB
JFS INWT
HLT

$

®

/DATA BLOCK

/REGISTERS B AND C CONTAIN DATA COUNT
/LOADED BY MONITOR oo
/CHECK STATUS OF UART

/1F NOT READY TO TRANSMIT, THEN WAIT

*/OUTPUT DATA BYTE VIA UART
- /INCREMENT MEMORY POINTER

~
+

/DECREMENT LSB OF DATA COUNT

/RETURN TO OUTPUT MORE DATA IF COUNT#0
. L] \

/HALT WHEN COUNT=0

171




-~ APPENDIX B
ALIGNMENT MARK FABRICATION

™
The fabrication of the gold alignment marks on the quartz sub-

strate surface wiir be covered in several sectiops:
B.1) Flexible Chrodium Mask Production
B.2). Substrate Cleaning and Resﬂst Coating
B.3) Exposure and Development |
B.4) Vacuum Deposition
B.5) Photo‘Lift-off ' ~

B.1 Flexible Chromium Mask Production

1. the 45mm x Sunn Corning No. 1 cover glass slide was cleaned

| by spinning at 6000 RPM, and applying acetone, methy] alcohol,

and disti]led water respective]y for 30 seconds each
2. slide was baked at 80° C for 20 minutes .
3. surface of slide was covered with ~8 drops of Sh1p1ey
‘kz 1350-8 photo-resist then accelerated to 3000 RPH and spun

_ -for 45 seconds ’ . ‘
4. slide was baked at 50° C for 15 minutes
5. coated slide was put in close contact with 2" x 2" g]ass mask

. which had the required pattern on it, (fabricated from a

rubylith originaT using convenﬁi'pal photoreduction tech-
niques) then exposed for 45 seconds tb a 600 Watt projection
lamp source at a 25cm d1stance .
'_6. flexible ‘slide was developed tn a 50% mixture ef Ship1eyf%;

| SR 17!
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developer with distilled water, for 40 seconds with moderate
agitation, followed by a 15 second rinse in distilled water,

and subsequently spun dry on the sp1nner for 45 seconds at

5000 RPM

7. slide was then baked at 80° C for 15 minJZ;;\—/ﬁ\\

8. slide was Placed resist side down, 15 cm above the filament
source of an Edwards Model 12 E evaporator and a vacuum of
less than 1 x 107 torr was attained -

9. approximately 800 A of chromium was evaporated onto the

-surface, us1ng a tungsten basket- -type f11ament
-10. ‘after removal from the evaporator, the slide was pléced in

acetone, and 1ift—ofﬁ:occured in 5 to 10 seconds

L/

 11.  flexible slide was then rinsed 1n distilled water for 60

seconds and‘hung with a clip to air-dry

. ’ ' :
B.2, Substrate Cleaning and,Ré;;;t’Coating .
. i .

Chapter 4, section 4.3.1 of this thesis
¢~ 2. ‘one drop of Shipley AZ-1350-B photoresist was app]ied to the

splnning substrate from a 3cm height above the surface, wh1ch { |

/ yie]ded a 4,500 A resist layer when spun at 3000 RPH
. 3. substrates were baked at 80° C for 15 minutes, then were
aJlowed to cool down | '

¢ B.3 Exposure and Development ' __— 7

1. substrate was centred on the conformablesmask-vacaum Jig

'ﬁ’ .
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(illustrated in Figure 5.6 {(a) ) and the flexible mask was
aligned to the quartz E??Etal edge using a Bausch and Lomb
7% to 30X microscope ' |

- .—.2. upon achieving alignmént, a vacuum was applied to the jig

-

and the alignment was re-checked

3. resist-coated subsfrate was exposed by a 650 H;;t pfojection
- lamp source, a;;a distance of 25cm for 35 seconds
4. exposed subs&rate Was'deve1oped in a’ 50% soIﬁtion‘of Shipley
AZ developer and distilled water for 60 ‘seconds ﬂ
5. developed substrate was blown dry with dry n1trogen, exam1ned

for defects, and subsequently -baked at 80° C for 15 minutes

'
4

B.4 Vacuum Depdsifion -

~

1. substrates were placed, resist .side down, 28cm abﬁve.twé
evaporation sources in an Edwards Model 12 E eQapor&tion"
unit, wifh twb basket-type tungsten filaments arraﬁgéd_gs iﬁ
Figure 4.18 ' | .

2, oné tung;teﬁpbaskgt was loaded with crushed chromium pe]iets.
which were 99.999% pure, while the other was loaded with |
30.03“ diameter marz gold wire _

3. ,at a vacuum of less than 1 x 10°° %Urr, a 200 A ]ayer of

chromium was evaporated first, followed by a 1000 +1500 A
layer of gold ~ N

\

"4, 330 minute cooling periodeas aIlowed beﬁore admitting air - \

i N
infthe vacuum chamber - o
| £ S
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B.5 Photo Lift-off

1. coated substrates were immersed in acetone and gently agitated
Zi:ﬂ\\\‘ 2. Tlift-off occured W1th1n 10 minutes usua]]y, and stubborn .
resist layers were ultrasonically agitated for 5 second
1nterva]s with inspection of the pattern occuring between
each interval
3. upon complete 1ift-off, the substrates Were rinsed with -
distil]ed'wa;er foe 2 minutesrand subsequently-blowq dry

with dry nitrogen

LD
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