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A B S T R A C T

Overlayers of crystalline materials on smooth amorphous substrates tend to be more
or less random polycrystalline. The absence of long-range order in the ~ rnorphous
substrate is reflected in the absence of long-range order in the overlayer. The new

concept investigated in this work is that a single-crystal film can be produced on an
amorphous substrate by introducing an artificial surface relief structure having long -
range order. A simple thermodynamic argument indicates that these surface-relief
structures need not have dimensions of the order of the lattice parameter of the crys-
talline overlayer but rather structures can be used whose dimensions are comparable
to the size of the naturally occurring single-crystal grains of p olyc rys ta ll ine films.
It is argued that at equilibrium an overlayer material which exhibits an ariisotropic
interfacial tension (this includes the liquid-crystal mesophases as well as solid crys-
tals ) will adopt a unique single-crystal orientation with respect to a suitable surface
relief structure on an amorphous substrate. For example , it is shown that at equi-

librium a cubic material whose {ioo} planes have minimum interfacial tension will be

oriented with {100} parallel to a substrate , and a < 100> directi n parallel to the
groove direction of a square-wave grating on the substrate.

It was found that the major problem in experimentally demonstrating the predicted
orientation effects was the fabrication of the required surface-relief structure. New
very soft X-ray lithographic and reactive-ion-etching fabrication techn iques were
developed. With these techniques 160-nm linewidth square-wave gratings having
smooth vertical sidewalls and sharp corners with less than 5 nm curvature were fab-
ricated in amorphous silicon dioxide.

A model of nematic and smectic A liquid c rystals indicates that simple square-wave
structures should induce uniform “single crystal” orientation of these materials.
Experiments were performed using the liquid crystals MBI3A and M-24 . As ex-
pected , uniform orientation was induced in MBBA in the nematic phase and in M-24
in the nematic and smectic A phases.

A detailed model of the (nonequilibrium) thin-fi lm growth process showed that under
certain deposition conditions a surface-relief structure could induce a solid crystal-
line deposit to acquire the single-crystal orientation predicted by the equilibrium
interfacial tension model. Experiments were performed using square-wave grating
structures on amorphous Si02 substrates. Depositions of potassium chloride from
aqueous solution and tin by vacuum evaporation were done on these structures.
Potassium chloride crystallites were oriented with {iOo} parallel to the substrate and

(100> parallel to the groove direction as predicted by the thin-film growth model.
The orientation effect was not observed on structures whose square profile had been

rounded. This is explained qualitatively by the model of thin-film growth. A series

of tin depositions on square-wave gratings yielded results consistent with the model

of thin-f i lm growth, but a strong orientation effect was not observed. Only weakly
preferred orientation seems to have been induced by the surface-relief structure.
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it is concluded that smaller periodicity grating structures with sharper edges and
corners will be required to induce a strong orientation effect with tin.
A new method of orienting crystalline (anisotropic) overlayers on an amorphous sub-
strate by surface-relief structures on the substrate has been analyzed and demon-
strated. New submicrometer fabrication techniques had to be developed in order to
demonstrate the orientation effect. These techniques may have broad application in
the fields of microelectronics and integrated optics as well as in the work presented
here. It is believed that the models and demonstrations of overlayer orientation pre-
sented here are but a first step in what will be an exciting new field of investigation.
In essence, a new degree of freedom has been introduced in the science and technology
of surfaces and thin-film growth.

‘1

This report is based on a thesis of the same title submitted to the Department ofElectrical Engineering and Computer Science at the Massachusetts Institute of Tech-nology on 20 January 1978, In partial fulfillment of the requirements for the degree ofDoctor of Philosophy.
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Interfacia l  tension

The in ter facia l  tension of an in terface  where the orientation of the
in t er f a c e  is specified by the unit vector ~~

(~i [n it  vec tor specif ~ving orientation of a crystal

dW Incr ement  of work

dA Increment of area

F Ilelmho ltz Ir e ,  e n er g\

f E In ternal  energy

1 Tempera tu re

S Entropy

Specific surface  f ree  energy or I le lmh olz f ree  energy per u n i t
a rea

Chemical potential of the ~th component of a sv st e n i

U i Int e r fac ial  ex cess of t he ~th component of a sys tem

Radius  vector of a polar plot

I(x , ~ ) A periodic lunct ion of the Cartesian coordinates x and ~ 
which

specifies the position of an in ter face

o (~ Generalized interfacia l  tension

a Period of a surface-rel ief  s t ruc ture  or as a subscri pt denotes a
sawtooth structure , in l”ig. 111-5 gives mask-subs t ra te  gap

h Height of a surface-re l ief  s t ruc ture

q Subscript denoting a square-wave interface

O The ang le of deviation of a < 100> direction of a cubic material
from the X direction or the half angle between two in te r fe r ing
light beams

— .
~~ The orientation force

o Angle between a normal to the substrate plane and the normal  to
m the largest  facet of a sawtooth surface relief s t ruc ture

X Optical wavelength

Photoresist  thickness

Index of re f rac t ion  of photoresist

D The distance from the X - r a y  source to the substrate

• 6 Width of the penumbral shadow of an X - ray  mask
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A Deviaticri  . f  an X-ray image from the position of the X - ray  mask
absorber pat tern

W Distance from the center of a substrate

N Number of X - ray  photons emitted from an X- ray  source per
steradian per incident electron

k Material constant for Bremsstrahlung radiation

Material  constant for X-ray line radiation

Ee Electron energy
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Insulator thickness
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V Voltage

The generalized interfacial  tension of a l iquid  crys ta l  and an
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Fd Distortion-free energy of a liquid crystal

Fdfl Distort ion-free energy of a nematic liquid crystal
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Vector specif ying the direction of propagation of a light wave

Vector specifying the direction of polarization of a light wave

ad Subscript denotes a substrate and deposit interface

dv Subscript denotes a deposit and vapor or parent phase interface

sv Subscript denotes a substrate and vapor or deposit and parent
phase interface
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(Gibbs) Free energy of formation per unit volume

K Boltzmann ’s constant

n1 Adatom concentration

~ ie Adatom concentration at equilibrium

AG~ t Density of Gibbs free energy of formation
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Density of interfacial Gibbs free energy

r Nucleus size

Critical nucleus size

AG f Gibbs free energy of formation

AG~’ Crit ical  Gibbs free energy of formation

J Nu cl& ’u t io i i  rate

no Number  of nucleation sites per uni t  area

A Adatom impingement  frequency

Ag * Cri t ical  free energy  of formation d i f fe rence  for two d i f f e ren t
nuclei

I f N u c l e a t i o t i  rate on a flat substrate

15 N u c l e a t i o n  rate at a step for an isotropic deposit

Contact ang le between an isotropic deposit island and a substrate

d The small dimension of a cubic island on a substrate. X - ray  source
S L 7 (  in Fig. U I - s .

The large dimension of a cubic island on a subst ra te

V~idth of the top of a square-wave grating

\v g Width of the groove of a square -wave grat ing

Radius of the top edge of a square-wave grat ing

H g Radius of the groove corner of a square-wave grat ing

Subscri pt denotes an isotrop ic material

c Subscript denotes a cubic mater ia l

Number  d en s i ty  of nucleation sites at a step

Number density of nucleation sites on a flat substrate
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ORIENTATION OF CRYSTALLINE OVERLAYERS ON AMORPHOUS SUBSTRATES

BY ARTIFICIALLY PRODUCED SURFACE RELIEF STRUCTURES

I. INTRODUCTION

Epitaxy, where single-crystal film s can be grown on smooth crystalline substrates, is known

to occur for many combinations of substrate and overlayer material. It is also known that

deposition of crystalline materials on smooth amorphous substrates yields more or less ran-
domly oriented polycrystalline films.1’2’

3 The failure to obtain single—crystal films on smooth

amorphous substrates is not surprising if one views the phenomenon of epitaxy as an ordering
• of the deposited overlayer induced by the “template ” of the substrate. The local and long-range

order of a crystalline substrate is reflected in the order of the overlayer. In the case of over-

layers on smooth amorphous substrates , the absence of long-range order in the substrate is re-

flected in the absence of long-range order in the overlayer.

The new concept demonstrated in this work is that a single-crystal film can be grown on an

amorphous substrate by introducing an artificially produced surface relief structure on the

amorphous substrate which imposes a long-range order on the overlayer. Furthermore, it is

shown that these surface-relief structures need not have dimensions of the order of the size of

the lattice parameter of the crystalline overlayer. In fact , structures can be used whose dirnen-

sions are comparable to the size of the naturally occurring single-crystal grains which normally

constitute the polycrystalline films deposited on smooth amorphous substrates.

The possibility of orienting crystalline overlayers with surface-relief structures can be

seen if the characteristics of overlayers deposited on amorphoi~s substrates are considered.

These overlayers are composed of small reg ions or grains of single crystal separated by grain

boundaries. [)epending upon the overlayer material, the substrate, and the deposition conditions,

the size of the sing le-crystal grains can vary from a few tenths of a nanometer to several mi-

crometers (i.e., from nearly amorphous to large-grain polycrystalline) . Relative to one another,

the grains tend to be more or less randomly oriented. Under certain deposition conditions and

sometimes following annealing of overlayers, a single crystallographic direction may become
13  .

highl y preferred. Such polycrystalline films which are not entirel y random are said to have

a fiber texture (from a term which orig inated in work with polycrystalline natural fibers that

exhibi t  preferred orientations). The orientations of the preferred direction in these fiber tex-

tures are usually associated with the only unique direction on the smooth amorphous substrate,

namely, the substrate normal . (In some cases where the mobility of the deposit is ve ry low .

the orientation can be determined by the deposition direction~~) Thus, some particular crystal-

lographic plane of each of the single-crystal grains mak ing up the overlayer tends to be parallel

to the substrate surface while the crystallographic orientation of the grains in the plane of the

substrate surface is random. This phenomenon has been explained by Bauer using a simple

thermodynamic argument.3 He argues that the preferred plane simply corresponds to the plane

at which the minimum interfaclal tension occurs between the overlayer material and the sub-

strate. For a smooth featureless substrate , this lnterfacia] tension Is obviously Independent

of the orientation of the overlayer material in the plane of the substrate (I.e., the surface is

isotropic in the substrate plane) , thus there Is no preferred “azimuthal ” orientation In the sub-

strate plane. However, If the substrate surface Is not featureless but Is instead characterized

by some coherent surface relief structure, the surface will have certain unique directions

( i.e., it will be anisotropic). For example, assume that this surface-relief structure is

I
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composed of a periodic array of planar facets such that the angles between the facets corre-
spond to the angles between the planes of minimum Interfacial tension. There can then be unique
orientations of the overlayer with respect to the surface-relief structure on the substrate which
m i n i m i z e  the total interfacial tension. This point is illustrated in Fig. I-i for a cubic crystal-
line overlayer material and an amorphous substrate material where the (too) planes of the
cubic material  parallel to the smooth amorphous surface correspond to the planes of min imum
inter facj al  tension. The square-wave and sawtooth surface relief structures as illustrated
would be defined on the amorphous substrate such that the surface is composed of a periodic
array of facets which meet at 90 0  angles. A deposit of the cubic material would see two unique
directions at 90 deg. defined by the normals to the facets. The single-crystal grains ordinarily
comprising a polycryatalline fi lm on an amorphous substrate would now tend to be constrained
to lie In a unique orientation with respect to the grating. For the square-wave gra t ing  of
Fig.  I- I , (to o) planes would be parallel to both the substrate normal and the gra t ing  groove
direction. For the sawtooth grating, the (110) plan e would lie parallel to the substrate plane.

Fig. I-I . A schematic Illustration of the equilibrium
orientations of a cubic material on an amorphous
Substrate with a surface structure, wherç the Inter-
facial tension is a minimum for the (100) family of
planes parallel to a smooth surface of the amorphous
substrate. (a) On a smooth substrate, (too) paral-• lel to the substrate plane, random orientation In the
plane. (b) On a square—wave grating, (too ) parallel
to substrate plane, < 100> parallel to groove~ .(c) On a sawtooth grating, with facets at 90’, (too )
parallel to substrate plane, (0t0~, parallel to the
grooves.
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One would expect that an orientation effect  should occur as long as the spacing between the facets

of the surface-rel ief  s t ruc ture  is smaller than the natural grain size of the film. Since the

p eriodic-surface—relief  s t ructures  shown in Fig. I-I  are coherent over a large area and the

orientations of the single-crystal grains are constrained locally with respect to the grating

s t t-uc tur es , L tr g e -~~rea sing le -crystal  films should result. Obviously, geometries other than

those shown in Fig. 1-1 are possible for other sets of crystal planes and for other crystal classes.

The simple argument given above for orientation of crystal l ine overlayers by surface-relief

structures on amorphous substrates is fur ther  elaborated In Section II. The argument is gen-

eralized to inc lude the orientation of the anisotrop ic mesophases commonly known as liquid

c rystals, and it is shown that under equilibrium conditions an overlayer which exhibits an an-

isotropic interfacial tension con be made to assume a uniform “single crystal” orientation rela-

tive to an amorphous substrate by the influence of a surface—relief s t ructure on the substrate.

The applicabil i ty of this  s imple thermod ynamic argument for a real substrate and overlayer

combination is determined by f l u ’  abi l i ty  of th e specific system to approach equilibrium . This

issue is discussed in Section II as it  relates to the choice of overlayer and subst rat i - cornbina-

tions and the determination of the required c h a r a c t e r i s t i c s  of the surface- relief structure for

an experimental demonstration of the  orientat ion effect .

It is found in general that the l i m i t i n g  factor in an experimental demonstrat ion of the pre-

dicted orientation effects is the type and qua l i ty  of surface- relief s t ructure  which  can be fabri—

ated. As indicated earlier, the spacing of t i - ’ facets of s t ruc tures  like those shown in Fig. 1-1

should be smaller than the natural  grain size of the over laver , th is  usually implies spacings

less than I &rn . The facets of the s t ruc ture  shoul d he smooth and flat on a scale much smaller

than their  spacing, and the edges and corners where  the facets meet should be as sharp as

possible so that  a maximum percenta~ e of th e overlayer  substrate interface will correspond to

min imum in te r fac ia l  tension p lanes at the desired or ientat ion.  Furthermore , importan t growth

and nucleation effects  dur ing  deposition of crystal l ine overlayers can be dramatically affected

by sharp edges and corners. This importan t point , discussed in Section V , indicates that it

would be h ighly  lest  rabI~ if the radi i  of curvature  at the corners between facets were less than

I run . For purposes of discussion, the spacing or period of s t ructures on a surface is termed

l in ew i d t h .  Thu issues of control  of facet flatness and corner and edge curvatures are grouped

under the t e r m  profi le  control .  Thus , for th i s  work, l i n ew i d t h s  mus t  he smaller than I ~im and

profi le  control should he such as to provide well-defined planar facets oriented at the desired

angles w i t h  min imum radi i  of curvature at edges.

Before th is  research began , several fabrication techniques  capable of defining submicrom-

eter linewidth s had been developed inc luding:  scanning-electron-beam l i thograp hy, holographic

lithography, optical projection and contact photolithography, and soft N-ray  lithography.4

However, few researchers had considered the  issue of profile control at the dimensions re-

quired here. Research for this report revealed that the existing technology could not provide

adequate profile control and new techniques had to be developed. Because successful surface
• relief structure fabrication is a prerequisite for all fu rther experiments , this  technology de-

velopment has constituted a major part of the report research. Several new techn iques were

developed during this  wo rk which made possible the fabricat ion of 160-nm-linewidth square-

wave grating s tructures in amorphous S1O2 with smooth faces and radii of curvature at the edges

• and corners less than 5 run. The development of these techniques and the details of the new

processes are presented in Section III, Of great importance In th is  work is the ability to observe

-
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and characterize the structures which have been fabricated. The techniques employed to do
this and the results obtained are also given in Section III.

The simple thermodynamic argument given for orientation effects in Section II indicates
that the simple square-wave-grating surface-relief structures In SiO2 which can be fabricated
using the techniques described in Section III could be used to induce orientation of many different
anlsotroplc overlayer materials. However, a particularly convenient class of overlayer
materials for a first test of the concept ti liquid crystals. The molecules of these ordered
mesophases are highly mobile, and thin overlayers can easily approach a near-equilibrium
configuration.5 

A model of surface-relief orientation effects for liquid crystals is given in
Section IV. and an experimental demonstration of orientation of nematic and smectic A liqui d
crystals by square-wave gratings in SiO2 is described.

In Section v, a model of the growth of overlayers of solid crystalline materials by thin-fi lm
deposition on square—wave gratings is presented, Also presented are the results of an experi-
mental investigation of the growth of potassium chloride, t in , and gold on square-wave gratings
in 8i02. The model applies to a large number of deposition processes where growth proceeds
by nucleation, growth, and coalescence of discrete deposit islands. The model predicts that
under certain deposition cu iditions a solid crystalline overlayer should assurie the single-
crystal equilibrium orientation wi th  respect to a surface-relief structure predicted by the argu-
ments given in this introduction and in Section II. The orientation effect is demonstrated by the
deposition of KCI from aqueous solution onto a 320-nm-period square-wave grating in Si02 .
As predicted , the KC1 crystallites grow with their (too ) planes parallel to the substrate plane
and with a <100> direction parallel to the groov e direct ion of the surface-relief grating . Depo-
sitions by sputtering and vacuum evaporation of gold and tin on square-wave gratings in SiO2
are described in Section V. The results are explained in l ight of the model of the growth process
for these materials.

Section VI summarizes the work and presents some fur ther  speculation about the use of
surface- relief structures on substrates for the manipulation of nucleation, growth, and orienta-
tion of overlayers.

! I
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II. ovE h (u \ \ l : h(  Oltli~NTA TlON EF ’Fh - CTS INI )UCED HY S UR F A C E — R E L I h - F
S rRI JCTU RI :S  ON AMOR1 ’}IOUS suHsTh {A -n-~s

A .  Introduction

The objective of th i s  section is to give some plausibility a r g u men t s  for or i en ta t ion  effects

of surface-rel ief  structures on amorphous substrates . thc basic idea being t h at  a uniformly

aligned overlaye r of an anisotropic material  can be pr oduced on an amorphous substrate via the

in fluence of a surface-rel ief  structure on the substrate. Some background informat ion about
the in ter fac ia l  tensions of’ an i so t rop ic mate rials is given in Section I l - I t . In Section Il-C , a

generalized i nt e r f a c i a l  tension is defined for -  nonpianar i n t t r f a c e s  and it is shown that the or i -

entation at which the minimum of the generalized interfacial tension occur-s between an amor-

phous subs tr at e  and an anisotr-opic ove r-layer can be specified by pr ope r ly choosing the shape of

the interface. In Section lI-D , the equilibrium orientatio n of a semi-infinite over-laye r is found

to correspond to the orientation of minimum gene r ali-.u-d interfaci~ l tenSion . Thus, it is con-

eluded that under  equilibrium conditions the or i en t a t i on  of an o v e t l ay e r can be chosen by defin-

ing the appr -opr-iate surface-rel ief  s t r u c t u r e  on the substrate .  The choice of ov er layvr—sub str a te

1 

• combination and substr -at e - s ur f a c e -r e l i e f  st ructur -e  for an e x p e r i m e n t a l  demonstration of the

orientation e ffect is discussed in Section hI - [ .

h i . Anisotropic interf acial  Tensions

The e ffects described in this section involve the inter -act ion of an amorphous surface  and

an ove r lay er  with an iso t rop ic properties. It is assumed that  the in ter face  between these two

materials has a finite thickness. Outside of this int erfacial  r egion , the materials can be com-

pletely char acteri7ed by the i r  bulk prope rties. The thickness and str -uctur e of the interface

will depend upon the materials  and configuration within that  region. A very usefu l thermody-

namical  quality which can be used to charac t e r i ze  the interface is the interfacial  tension -y(~~)

which is defined as the r eversible woi-k involved in cr-eating Unit a rea of new surface at constant

t e m p e r a t u r e , volume , and total number -  of moles

u r n  d w
dA -  o ac ( i l - I l

Whe re dw is the amount of work required to increase the surface a r e a  by dA and n is a unit

vector which specifics the or - i ent i i t  ion at the inter-face.

At constant tempe rature  and volume , the work done in c r e a t i n g  new sur face  is equal to the

change in hlelmholtz  f ree  ene rgy F’ of the whole system.6 
(F - E — TS. where  I- is the in ternal

ene r gy, T is the temperature , and S is the ent ropy .)  Fr ’om this , one finds that  the interfacial

tension is related to the hlelmho ltz free energy per unit arc- a or the specific surface free energy

~ 
by

-
~ = f5 — ( 11-2)

where  r~ is the interfacial excess of the ~th component of the system , and is the corresponding

chemical potential.~ The relationship between f 5 and ‘y has only been included for completeness

and to emphasize that  these quantities are not in gene r a l  equal for multicomponent systems. For

all the discussions which follow , the distinction between the interfacia l  tension and the specifi c

surface free energy is not Impo rtant since under equilibrium conditions both ~ and f~ would be

S
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TABLE Il—I

POSSIBLE FORMS OF THE i—PLOT OF THE INTERFACIAL TENSION
BETWEEN A GIVEN MATERIAL AND NONORDERED PHASE .8

(The Equilibrium Shape of a Particle is Discussed in Section V.)

V Plot Equilibrium Shape
Material See Fig. lI-1 See Fi g.V-4

Normal liquid... Sphere S phere

Liquid Crystal ... Smooth but onisotrop ic (a) (b)

Solid Crysta l Finite number of cusps (c) (d) (e)

- I

t~~) ~ . t - e • -.- -- L Q ~ 1~

il 
-
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- 

~~ ~~ 0~~1A~ 
Fig. I l — I .  (~~ O~~5 Sect i ons  of r ep r e s en t i t i v -
j n t t - r t l ( - I l t e nstofl plots ~ r t -  shown for a con—

• ~~~~~~~~~~~~~~ ~~~~- vent ional isotropic li q u id , a liquid crystal,
- - ird a cubic vs t i l  l i n t solid where  the cross

is a I OD~ ( l O i r .
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minimized.  Fun ’thermor e . neither -y or f is known completely for any of the material  com-

binat ions cons idered  in this r e s e a t c i c . h owever , the g e n e r a l  for-rn of both quantities can be

deduced f r o m  symmetr-y . crystal  s t ruc tur e, -and ci -yst al habit~~’7 ’8 Of the two quant i t ies , thc-

in ter f iec ia l  tension can be directly mezr sured .t Thus , in all of the following discussions the in-

te i facial tension will be- used.

Ther form of the function (~~~i is of course-  d e t e r m i n e d  by the r n : e t c  r i a l s  and the details of thee

interface . 1-’or ins tanc e- , the into r f acial  tension h e t w e - e - n  li quid—liquid , amorphoUs solid —liquid

amorphous  so l id—vapo r - , and l iquid—vapor -  is simply a constant  w i t h  tire units of energy  per a r-ea~
i. e . , t ine s u r f r e c e  t c - naion  is completely isot ropic .  On the o t h e r hand , in tu- r fac i a l  tensions which

involve- an o rde ’ r e d  phase ( w h e  r e  the t e rm “or - ek- n-ed phase ” in cludes arusot  ropic mcsop(r ases  such

as liquid c r y s t a l s  as we-il as solid c r y s t a l s )  a r e -  ir e ge -n c i-al funct ions of the or ien t r e t i on  of t h e  Or-

der -eel  phase -  with i - i s p -ct  to the i r r i e - r f : e c e - . A s  an e ’~~ e n q e l e . t i r e -  e : it e  r f r e c i r e l  tension -y (~~) b e - t r n e e-n

an o r r i c -  r e d  phase e nd a nonurde n - e d  pl e a s e  such as a v ~se i . liquid , o r  amorphous  solid would be

a func t ion  of the - into rface ori e nta t ion  s i x c i t i e  el by t h e  unit  ve c tor  ~~~. The va r ia t ion of (~~ ) can ,

in t i e s -  cases , be conveniently d i s p l aye d Ofl U 1sd e r clot , i - a i l e d a ~~u 1ff lot , w i c e ’ r e  t h e -  cli  i c e - l i o n

of the r ad i u s  ve cto r- r - spe c i f ic - s  t i n t -  e e v s t l l i r e e -  e c r i e r t t r c t ion  c c l  t h e -  s t r r f a c c - , r e n d  the e m a g n i t u d e  of

-• 
the- ve’cto r is equal to the ma gni tude-  of t i e - in t e  - ccl :  I t e n S i o n .  e - - . -

= -
~ ( r n ) n . ( 1 1— 3)

P o s s i b le - for ni s  of t Ir e  -y plot a r e -  li~~t e d  it t  t i r e -  t i n -s t  t w e e  c o l umn s  r e f  ab le  I l — I  an t i  - x n ~3 c l c - s  c r c

shown in l ip . I l — i .

-\n  i m p o r t a n t  point  l e e  no t ice  t e e - n - c- is h i t  f r e t  t h e  1111 1 f e e -s spe - c n f i - e (  in ( c h i c  I l — I , w h i c t c

e t c  te c t d t e ’ e ’ r r  an  o r d e r e d  pha se— en d a n c e r e e e c e l e - r - e (  c h a s e , t i n t -  l u t e - i  i: e e: l t e - f l s l e e f l  cle p e r r e i s  cm i i”  upo n

the’ e r - i r i t e t i r e n e  of t ine-  or e l e -  c r 1  pie r 5 .  If  t i r e -  n u t  • t e e  Cs I ce - t d C  -e  - i t  t W e )  cc  e l -  n - e d e i e . e  se - s  - t i e - r u l e -  —

t r e n d t c ’nsj of l  wi l l  c ( e ~~e e- r i d  upo n the  on i e n t a t  C o r e  of both of t u e  ph e s e s r e l a t i v e ’  t e d  one- an t h e r .

Qbviouslv . the i r c t e - r t a c i e i  t e nsio n  e ’a t i f l e e t  (c e  r e - p  i c -S r i t e  c i  en ge -ne c- a]  on a polar  plot rn  t h r e e ’  di-

mens ions  wh e n leoth p h e s e - s  l i e  c i d e r  el . I n  t i c c i —  c i s c , the e n t e r - I  c l  t ens ion  is n e s t  c - c u r :  —

n i e r s t l v  r- e - p r c - s c r i l e - e l  cv the-  f e n u e - l i o n  — n i  e e l - r e -  ~~
‘ un i que ly sp e c i f i c - s  the r e l a t i v e  o r i c t i t e t i e m n i  r e f

t i t e  ( c h e S s . I d l e r  c lo t s  of v i  r - i e e e e s  s e c t  j c e t i 5  r e f  t i r e  f u n c t i o n  ~ (~~ ) c - e u  e e h v i ou s l v  be made  r i c h  a r e -

y r  v usc ’ f ul .

(_ •
, ( ; - n - r - l n - e h  l n r t e rf ~ec i . c l  I - n s n e e u s  fo r -  S ur f a c e - — ( t i n - f  St r - u c t u r e ’ s

-\ ll  of t h e -  i n t e r f a c e s e i i e e c u s s r ’ d  s e e  f a r  h a v e - he - -n c s s U n c e rl te) hr I r l a n a r .  ( l o w -v c r , th e -  con—

ce — l et  of i r r t e - r f e c i r e l  t e nsion c a n  be- c - n - r l i Y e - r l  t e e  i r i c l r n e i c - r e - g u l r e r  n o n p l a r r c r  s u c l c c c -s  as we ’l l. .-\s

an  r -xample ’ . e s s c n m e -  t h a t  t h e  i n t e r f a c e -  is spe c i f i e d ( c v some- ( c c -  r - t o d i e  ft nn - t i n n  l i x . v - . l i c e -  e v e - i  age -

s e n r f i c e - or su b s t r a t e ’  plane’  is : es srn m ed  l e e  be— t h e ’ ~ — v  p l r c r r c - . l i e -  g e - r i - r e i n _ a  ci n r r t e - i  - c i i i  I - n e — l e n

n f l )  is t h e - n  d c - f i n e d  as the  c ue-  rgy r e q u i r e d l e e  e r - e t c  a u n i t  a t e a  c c l  new n u t - - , - f r c c e ’  in t h e -  x — v  plane ’ .

= y I ( x ,y ) 1  dxdy

unit  - e r e - r e  x — v  p l a n e -  ( 1 1 — 4 1

w h e re 
~

- I I ( x .y) 1 is t h e- in t e r f i e c i a l  t e r r s k e r r  c i  t i n e - i n t e ’r f a c t -  ~ i (x , v l  for the -  e - r - y s t r e l l i f l e  e w e r l a v e r

o r ’ i e - n t a t i e e n  sj r r - c i f i e - d  by n . ( In  e r r - e tc - n ’ t h a t  the’  ce) t ic r pl of a gr ’nc r r e h i 7 c di i n t e - r f r e c i a l  t e - n i s e o r e  be’ cisc- —

ful . t h e -  u n i t  a re - r e  mu st e - n c om pr c s s  an i r i t e - g r r e l  numbe r of “uni t  c e l l s ” cef  t h e -  n n t r - r - f c c . t
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If  the periodic boundri v , l ( x ~~ l sc ( e : e  r r c l c ’s an amor phous s u h sl  e e t c  and a c r-yst :cl] in e

e r v e r L e y c ’  r , the into rf a cir e l  te nsion will now depend on boh r t h e e -  or ie ’nt at  ion of t i re ’ ave r L c v e  c - w i th

re’spe-ct to the inte r fac ial  X — ~~ h e l e n e -  rend U p l ane -  p~’ i p - nd icu i r i  r to this plane , S:eV t u e  v— i’  p i r cnc .

( ( m i s  o r ien ta t ion  in format ion  can be specified uni quely by t i e r - c- c - ccx, c d e n r i t c s .  h i o w e - v e ’ i  - for pu r —

X) sc - s of descript ion , a mon - er ce ,nven i e -nt  no ta t ion  use’s two S e t s  of Mille r ind i c ier s , l i r e -  f i r s t  S ( e e - c —

ify ing the cn -ys t a l line ’ dit’ ectj on pa rallel to  the 7 ~ex i s , and t i e c -  second spe c i fy in g  the  d i r e c t i o n

p a r a llel to the y r ex is . For - i u s t r c  r ice , 01<1 00) 7 (110> 1 , s l e c - c e f i c s t u e .’ gene- r~elize’d i n t e r - f a c i a l

te nsion of r e surface with a ( too } plane Ixc i a l l e l  to the su r face  w ( e c i e  th e- (110> di r ection is p a r —

allel to the y din’ect ioni in the  plane of the int e r f ~i c c -  . (~ v t h e  m t  r ea luct ion of a ix- r iodic ne cr i~e i e nr r

boundary (i .e. , a s u r f a c e — r e l i e f  s t r ’uc t u r ’ on the  s r n l c s t  i d e - I , the’ int o c f r c c n : e l  te nsion of an re m o r —

phous s u b s t r a t e  and a c rystall ine ’ ov e ’r laye i ’  has b e en  made- cnisot rop ic  wit l e  r e s p e c t  to orienta —

tion of t ic- over n iay e-n ’ in the plane- 01 th e’ s i e l e s t  r i t e - . [ ( c c  n n o n e e n d e - r c - d  isote’op ic s u r f a c e r  of a p lan -a r

a mor ’phous scnh st  i r e r e -  i c e s  been r r c ; ce h e ’ ‘ o rd e ’ r e d  Ce r e n d -- - i  me -i  t r e e  p ie ” by PC r iodica ily moduLe t ing tire

sen r f ac e - .

To i l l u s t r a t e  t iee ’  form of an inte- r f r e c i : e i  t c - n s i e r u  of r e u a nisot n op i c  s u r f r e c ’ e’ r end  el se > to show

ho w r e s u r - f a c e — i e - l i - f  s t i t n c t u n e  on c r 1  r c m e r r p iious suhst  r i t e -  c r e n i  inn r oduce an r e n i s e c t r e e p y  such t h r c t

a we ’ll—defined m i n i m u m  in aii~ t occur s c t  a eie si i c e 1  o r  ic nc t c t i o u , t b e e  i eyp o the - t i c r c l  i C i t e -  l a c e - s  illus —

t r - ated in F ig .  h 1 — .~ ar - c’ ceen s i e l e - r c ’ d .  I l ee - i u r c r f : e c c  b e t w e e n  c r 1  a m o r p hous m a t e r i a l  and -a cubic cr y s -

ta l line m a t e r i a l  is d I e - s e - r - e h c -e h  by a squ :c i c ’  — w ve f u n c t i o n  or s : cwt o o th  funs ct ion of 1ee - r io ch s rind hc ’ight

h in the ’ x e l i  i e c ~ t h e n , \ s su n r e  - l e e r  sim ~c 1i e - i t v  ( m ed I l  c r c  is r i c e  Va r i e c t ion  in t h e ’ v d i r e c t i o n. The

gerne ’ r :e l i c - d in t c r I : e c i e c l  t e - i e s i e e n i  f e i n  l e e - in t e e L a - e -s of l ip . I l — i  is .e ee i - i g h t c - e h sum ecf t he ’ i n t c - r - f: c i r c l

/ q ‘- “ -

~
y P C - e /

t o t

( S c  S N I

b

F ig .  h l — ~~. S c h e m e t i e  c r e e s s  - c e  t i e c n i i -  c r c -  s h r e e e v n i  c e f  .c s q e n . c r c — w  e v e  i n t r ’ r l e e - e
r i c h r e  s e w l e o lh  i n t e r f e r e -  I c c - r u e - c —n nf l  eni o r  c ( r e ) c r s  e r i c h  a c r v s n c l l n n e - u t i l e  c i i ,

l i re ’  n c  is no v , c  r i c t i c e i c  in l i e  v d i r  c c l  r e m .
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te nSiOns for ’ plane’ inte r f reces  (assuming the line’ te nsions - essocia ted with the’ edges and coe-n er s
cee n be ignore ’d). A polar plot is shown in Fig. 11-3 of the ’ gener a l i zed  inter - facia l  tension a ( ~~)
crelculated in this way, for thee squar e - —wave ’ s t r u c t u e - e of Fig. 1 1 — 2 ( a )  whie-  i c  the interfa cir e l  tension
of a plane interface of th ese materials  vee r ies with or ientat ion in the manner’ illu~ tr -a tcd by the
plot in Fig. 11—1(c ) .  The plot is shown fun a (. 100) plane of thee cubic m e e t e r r - i r e l  f ixe d parallel to
the x-y plane ecs a fun ctio n of 0 , the an g l e  of d c— v iation of the <010> d i r e c t i o n  fr o m  the y die’ec-
tion. Seve r al plots r i c e  shown, each corresponding to a d i f f e r e n t  value of the gre r r c  me - h e - i -  h/ s.
\ e e t e  tha t  the - r e- will be four ident icrel  minima which occur at 0 equals 0, in 2 , In , (3/2)sr , and

100) I c ar-al lel  to the - x — y  plane (i.e. , °q (< 100> 7 (010> y
) is minimum),  \ lso plotte d in l ip . 11—3

is the in- plane “ o r ientat ion force’ ,” _ (dJ
q/d O )  whose magni tude obviously inc r e - r i ses  as the pan-am-

t e n  h/ s  increase’s .

c;ive’n that  y(~~ ) of t h e ’ c i -y s t r e l l i n c -  mate r i:c l co r r e sponds  to Fig .  11— 1(c )  W(l e - rc y (< 1 00>) is
n i in inurn c , it is d e e r  r that  the ncu in imum of th ee genera l ized  interfeecia l  tension o~ for’  thee sawtooth

- , c r c i

“0 25
- : -0 5

~ I - - - - -

Fig. 11-3. -\ polar plot is shown e m f  the  gene ra l ized in te ’r f r e c i a l  ten~,,ion ,
of th r~ sq u a re  -wr ev e ’  i n t e r f r c c e ’  de picted in Fig. 11-2( a )  w h e t - c -y (n ) of

the c rystal l ine ’  m e t e - i - n e d  is give-n in Fig. 11-1(c) .  rho portion of the
funct ion  0q ~~ shown is for ( . 100)  pa rallel to the subs t ra te  where  0

measures  the deviation of <0 10> f r o m  the y direction. Also shown is
a plot vs 0 of the “0 r i m - n i c e  t ion force ’ — (do 0 /dO .
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s t r ucture- of l-’ig. 11—2( b )  will occur  for cc < 100> d i rec t ion  p a r c c l l e - l  to t u e  y on  p c e c u v e  d i c e - c l  cu r l

and another’ < 100> d i r ec t ion  at an r rngle ’  0 rn with respect to tire ’  s u b s t r - r e l e -  no r m r e l .  l icu s , ~ m
c n n  be chose-n such th n et er 5 Kh k o >  z (100 > )  is m i n i m u m  for m y  ii i n c h  k . fly modula t ing  t u e

surfn ece in the ’ y d i r e c t i o n  in cc simiLe r s a w l u e c t h e  mccnne r , t he m i n i m u m  of c:rn h e-  chosen to

occur’ at any c r y s ta l  plane ’ p-a rcelle ’l to thi ~’ su h e s t  i - r i t e - .

It is evide ’nt thr et f e r  c given y (n 1 be twe en c c C i y S t r e  l i m e r i i r c t c -  n- j u l  and ccn r c m or p heo us suhst  n a t e -

a pe’n ’iodic surfacer  n e-li e- f s t r inc ture  could he foun d such that  t h e  minimuni -e of 0 ( n )  o c c u r r e d  r t  ci

unique ’ o r ’ientr eti o n in the s u l c s t r r m t e - planer .

1). Or ’ i e rn t rc t io rn  l - l et s  it  h q u il ibn i u m

Givern the in t e ’n ’ f n c c i n e l  m c - n i s i e e n s  ri I for a sp e - c i l i c  s v e - t e - n i , t h e e -  e - q c n i i i b r i u n i  c e c n i f e p e e r r i t i e m u  c e e n

be found,  At  a f i x e d t e ’mpc’ r r e t u r ’ e’ z e n e h  to ta l  vo lumc - , the -  condit ion of equ i l ib r ium is ur i c -  of m m —

imum iier lmholt i ’  f reer  e n c i g y .
d or

‘y ( rn ) e L \  iS r n i n in iu n i  ( 1 1 — t m

I n t e ’ r f  ce-

who r’e ~ (~~~l is the cc i r l i r i c i v  into r f re c ie i l  t c ’rns i o n  of rcn into r f r i e ’ e - o e i e ’ nt n i t i oni spe c i f i c - e l  by t h e  Ve dto r

~~ and  th e e int e g r a l is t a k e -n ove r t i le e n t i c e - i nt e - e f i c e : i l  i - c - c - l i e n .

I c e  i l l u s t i - c e t e -  l i c e  a pplica t ion e e f  I q . ( 1 1 — 5 ) , c e n i s i e l - r  cc s y s t e m  m a c h e -  up  of c i se r i i i — c i e f i r e m u e

r e m o r p hious S u b s t m r e i e . Ccfl O V e  i l a v e r c e f  en i s c ) t  r e m p i c  m r c t e r - i r i of f ini te  h l e i c - P  l e s s , re nd r c s c - f l e e —

inf in i t e ’  “ supe rs t r -ate  ‘ re gion r e b c e c v c  Ui~ e m ve-  r l r e v - r , The ini t c ’gra i  e e l  Eq. ( 1 1 — 5 )  weeu ld be t i c s - r i

eWe - i  ti ne uppe r c inch l i e u  c i c  l r c v c r i n i l e r f r e c e s . I f t h e  subst r cc t e  c in c h s u g m - n S t  r i t e -  i i c t - i I a c e - s  ci i -

i de’nt ic cc l , l - q .  ( 1 1 — S t  ie n i e l s  s imply h e >  t h e e -  r c - e l u i ! e r T n r r n t  ci t  e-q c n i l i b e iu n i  t l e t

e r ) i e t is m i n i m u m  ( I I -  I

I f  t h e ’ in ie r f r ec ’ c’s a r .c e d i f f e r e n t , the  r e q u i r e -m e - n t  l e e - c c d i n e s

+ ci (c i  I - is n i in n anc nm . (11 — 7
iee \ i - t’

F i r  most solid o v e - i - I r v c - i s  e l c - r c c c s i t e - c I  on s u l e e - I r n e t e ’ s , the ’  u t i l e - i  su r f a c e  cf l i re ’ ave- i I - ~ Wo uld be’

unco~e f c u e e - c i  re nd would be’ in c i e r i t r e c t  w i t h  t h e  n e e n i c r r h e  r e-el  pee r e n t  p h a s e -  c e f  th e’ c h e - p e m s i t  . i f  l i i i -  n u n —

imum j n t e r t a e i r i l  l e - n i ’ d i d d r i  e c f  the ’ e c v e i 1 i v e i c inch i i i —  e n u - u t  e l e c e s c  o ccu r  fo r  t I m e -  sccme ’ p l c ene ’  t c a r ath’l

to ti l e ’ s u p e ’r s t  r ’ r e t e -  ems  the ’ s u b s t r a t e , t i l e  c q u i l i b r i c n m  rc - q enr  c e m e n t  r e d u c e -s e e i d c e  • e g n i e n i  I c e  h- ~q. ( 1 1 — c - i ,

I b i s  will be t h e e  c ase -  I c i r  cell sem l i ch c m v s t l l i n r e - ccc in  c - i s  c e e r e s l i l e - r e c l  i r e  t h e r e -  r c - ) c c c i t , In  g e n e - e n d ,

it would be’ n e- ce ssa r y  tee rn in imize ’  I e~ - ( 1 1 — ”’) fc ,r ’ n e l l  va n i ce t i e i ns  e f  over ’laye ’ r o n - i e ’n t ce t i on .

The’ e-ousc r 1 t n c uea s cf Eq . ( 1 1 — 5 )  c c e r e  be s e e n  by consieie r ing Sonic- sj c e - e — i f n c  meete rial combinre —

t ion. For- thc- case’ ~ is iso t r’opic , cell  e r i c - n i l r c i  i e e n l s  r c r c  of cou n-se e-quivale rnt.  In  I i i  - ins tance

who r’e t h e e  - inte r - f c i c - i r r i  t ension I ~ ) is a fun r t ion  s c l c lv of the o r i e ’ n t e r t i o n  of the  ove r - i n i  ye - n  r u n  he  - l i e  I

with t s p  ‘ct to thee subst n -rite ’ no rmnel . cell di re ’cticins in the ’ pla ne ’ of t h e e  - into r fzec e’ c u d ’ d ”qtn iv a lent .

An example is the cre se ’  of a c r y s t r e l l i n c  ma t e  n i r e l  e l c ~~ce s i t e e I  on a sn-nooth amorphous subst t r i t e’

wh ere’ Eq. ( 1 1 — 5 )  r equi res  h i n t the min imum i n t e ’ r f a c i e c l  t ens ion  p lrene be ~cr c di e ! to the nemon -p ho u s

sur f r ece ’ , hint t h c -  cc i- i  no pr -e~fec r r’ed o r ien t a t i o n  in the plan . In n e-e el sy s t e  ices , one could c - x ( e e  ct

tha t  Iem c ; e  [Iv  t i r e ’  overlayer will  n e s s e n r u c -  the eqcnil ibn ’ium single c r~ ’~ i n e l  0 n i e r n t ( et i On  wi th  the mini-

mum int o f e  c i i i  tension p lr cne PU rre  l ie l t e d  the sm nb s t  r r e t m -  , while ’  over -  longe r d is tances  on the sub—

s t r : c t - , the’ i n — p l a n e  c e n i c u t c e t i c e n  of the c r v e - r i n i v e ’ r  wil l tend to wander . 1’le is i c - e e ls  to the f iber

t c x t t n r e ’ s  e m h s e ’ r v c - d  in e - r v r t e l l i n e e -  c h e - I m e c s i t s  on amorp hous su t e s t  r e t c - s  discussed in the Int i -odu ction

10
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and  Se ’ctie m n V . If t h i e  i n m t c - r f r r c i a l  t e -n s icin i n _ i s  ci m in i m u m  ci  some unique-  o n - j e e r e r  t i e e i e s  of ovi - C m i v -  e

ci nch sec i e s l  i I c , h l e i u the ’  e ’q en il ibr iu ni i  c c  r i c - e n l e  t i - e n  w i l l  be u n i q u c ’ . ( In addit ion to t h e  t r u e r  minirnc c of

( 2 ( n ) , t b -  i n ay  i l ~~e bee c - c i n c h  i d e -  min in icc  sere n e t h et  the sy s t e m c- _ i n e X i St  i i c  a e e i e r t n i ~~t c cb i c ’  equi lib—
r - i i r rn . )  In n c e t u m e - it  c i p p e - n i r s  t h e  i t  t h e - r e -  e x i s t  Scen i c  i n t e ’ m I m e e - s  be t w e e re t w e e  c r yst a l s  wh ic h  li e v e

s t r -ong in ch tnniq eee ’ m in imc e  hi t lne ’i r  j r m h e  f i c i c i  h i - u i s i e i e e - , I ’ieis may cii c u h f c s t  i’ -if in th ee ph i e n o m —

e ’riori c ef  ( e e - b e - r o e - j i i t i x v  whe re on i e - r e t e -e h s i n g l e -  e - r - ’ ’ s t l e i e i g i i ~ W t h i  of a nm i t c i - i e I  occur-s on a spe-

c i f i c  e v ~~t e i  d i n  c f  ,enoth e- r r c c r c l e  - i c i . 1 \s ni ccx mple , e sy s t e m which has  h ee en i  wider iy  s tud—

ic -c l is g a in  on n o c k s n e i t  ( \  (‘1) w h e r e -  ne I U e )  i l _ d i e  c c i  the g i e l c i  g r o w s  p n i r a l l c ’ l  to a t O 0~ pl a i c e -  of

h u e - e i e c C s i l h  e cn cl  cc < 100> di  c e c t  j o in  u f  r e l i l  n s  p i r l le i c e  c c c l o D >  d i r ec t ion  of N i c i  in the j e l e u i c

c e f  l i c e  i i  c e r l i c e . ~) f i e e U i x i - , l m e - h e - i c e -~ e n ~ X V  et ee s e n e dl c e i i U i  on smooth ccn i on -p hous su b st  e e l s ,

h,u t es 5 l i e e e i  re in S e e t i  crc  11—C en n e t - i  ce l d e 1 \d e c i  c r c  e r i i u n p h o u s  — u l e s l  r i t e -  and  a c r v s t i l l i i - o v e r —

i~~ - cciii be ’ m c i de ’  i i i i d -n i e t c c c } c i i  w i t h  c h i e c e ’t e ’r i s t n e - s ’ e e i e e n c e c m n s  to cc s i ! lgI e — c i y s t e l S u r f a c e  by the
n r e t e i e i l d n c t i u n  i c Y  cc pe ’n ’iodh ic’ s e i m f  c e  c c  h i -  u t i  c i c t u t  e e r r  C ) i e  — n e r h e - t e i h e -  suclr  tb  1 l i c e -  gi r r c - r i l i r ’ e - e l i n —

r e - i - f c c - t el  tension l i e ~ ci inn i q ene e r e i r e i c i n e e n e e , I - e r r  l j c  ( I L — ’ - )  ench e (1—7 ( in ehi cccte- t ie -ct c f l  o V e r I c v e r

on such cc s i n l e s t r i t e  s h c e e c m i e l  e s s d m r n i e  t h e e  e c r n e i cn  t i e c n i  c c c i  r - c - s l e e l nnd i n l g  t e e  the rreinie ieurn cf  g e - u e - n n i l i - s c n e (

irr t c - i b e c i e l  t e i d S i c e i c  . C ~ C u r / c - ib i s  a c i - e l e c e  r — s i e l e ~~b e - t  e e l  Ci l t i e  - meou l d  I ce  un i io rn i  ar id u n ique h e h —

- r e c e I d i t c ‘cv would , in e l i d  - he ’  e e b t m e n c - i I  e e n d  en  n e r i d e  e c  e l e ee U ~ e - n i i h s t  r i t e - . Fh ie i d e - c  c eci v e n c e _-d in d i e s

i e } ~~e i l  is t h e et  c r u d - n  s u i t i l e b -  c i e i i c l i u i i e t i s  i c e l  5\ t c !r d s e i i i  c ( e j e i i e c e C h i  t h i s  i eb n i l i : e d  er q u i l i b n i u n i

e c e n e f i gu c . t i e c r i  c u d  c l i c h e - b  i l i i C [ - -  c i v s l ij  c e v e e - g t c c c b l c s  c an  he n indu cerd on m c i o m p hous  .— u l e s t e  I - S

Icy s u r f n i e - e — r i - l i e - f  s t i -uc t in  e s ,

- ‘  i h e  I l i c c i e c -  e c f  I )c e - r - l e v c - r _ S e c l c n b m c d t e  i i e c e r t c e n e c u e i c r m s  r u t h  Subsn u - r i l e - S u m f c c c e
ke ’i j e  - f SC i - c r c — t i m  re for  e c u I ‘c~ c c r i n d  - n u l l l) c n i i e m r e s t  i 1 ~i c r c  e e l  the- e I i  l i t  - - I j e d i i  E ffe ct

In C h i c  - p r - v i c a r -c c a r t s  c f thus sc’c ’t i e m n i , ir wncs shee wi e t hic e l c d t  e - q u i l i b n i u r n n  it s l e e m t m l d  he possible-

to ec ut e r h  i de - s i re ’d on ie unl ne ti o r m t e e  n i C e  - t r i s e c t  e u l e i c  c d v  - i I / c e  C eTC c ern  n n i i i - d i ) d l i i e U h - ~~m l c su  d c  Ic y d c  - f i n -

ing c c l i  e u e u e i i e r e i i  tm ’ sun l i e - i - — r e - i i c ’f  s e n c i e -n em r ’ e  em) lice c- r erL e st i - I .  l ee ne sS ss tire eecs s ebclrr v of c x —

pe ni n i e - nu cliv d e n i c m n i s t r i t i i i g  l i m e -  i i c e l d e h e d h - c f  e l , t h e  e -lerne -nm ts r e q u _ e i i e d  for ccli c x  c e - i  im e -ne tnci in-

c— c -s u t~~~ c t  rec ur must ( cc - i e c r e s d i  I -  - -c l .

I I )  \ r i  e e c c r b c v e r i n i t c - n i i l  is c i- r l e eid- e -il \ d h L e I c  e \ ii j l c ihs m l  m u sed i e d 1 i (  i n t e r —

C -  C / i d  C i  -nsi orr , i d - c Ye - i ,  ( c iv  c c  ui - bc rial w i t h  i t  n-ge c e!cds c cC d e e } eV ,

~ t -i we -h —c o n i c  c e i b c i  e r i e )  c b . i e - c t e - r j - c - e i  see r I n  l i e - f  s t e - m c i - l i c e  ei ien st bi’

e l e i ~~e e b c d  c u r  ne c n n e e r p lu ie in s sU lc r— t r i t e -  ‘c~ e b i c  h l ie - c -quit- e d  diriee-ns eons

eri ch s l i c e .

(3) \ e i e r e - e nmc -ci t ehm’ ~se~~iti emn te’chnique ’ must l e e  ev i il rc l i l e- for- ep (el vireg l i e

i c v e i - l n i v i - r  m r c t e - i i r i  he ) d i e  sm ite s hi I c  sire -lu th in lice - c c c  i n ’e cn en rip—

p r e e _ ec hi  n b c -  e q i r i l i h r i u n n i  e - i e r e f n p r m i - c n i e e n i  i h e c e m n i e c  i l c l ’ e e s i b i e c u .  I - \ne it h ie ’ n

e c e x s i l c i l e u v  i~ d c l  t h e ’  d c c c i  1 ‘c ce u i c l  l e i c n i c n i c h  e ’ q c n i l i h r i u n e  c f h e r

- l e e ds  it  e e c  c m I ‘~ ( x i  ri ce ‘ crc  - - n i - c l  ee

I - f l  -\ e i e e i v e nei u t uncc n imhi i g t n emu s  e l c i c t i c e u l  t e c h ni q u e -  e — n i l e c c hle ’ of ( h e - t i - n - m i n i n g

t he e i r i e r i t ; c t i e i n  of t h e e  i m v e - r l n i v - u cc- n I h  r e s p e ct  i c c  1 1 c c -  c- n u d e s t  u - b e -  s u r f n c c e e

d e l  ic - f  - rn  r e e l e c t - i -  is i e e e - e l i - i t .

\ i t h ou g l e n e r c n - l ~’ c e l l -r e clieh e ’ u v s t e h i i n c  e r i c h  i i e 1 e n i d — c c v s l il n i n e t e - c i e l s  e ‘cu r l i e r  c n n S e e t  e e~~~e d e  i l i t e m —

f a n  i i  ue - u c — i e c n - , ee ud h c- - e r e s t  tid e-el e 1  c e - s  c m f  r c r i u e e n i l s  n - n  e ’om çe u c b l e -  c m l i i  t i r e -  - m id  c p m -  c m l  t i r e ’  r - c r n r f e e - e ’ —

n c - I n c - f  x l n - d d e - b c e  r e - s w h in e c,cn lie- f i l e d  h e ’ t e l  m l  t h e  } e r c - - ~ c r i b  time’ , \s will l e e - s l ece cecu n in Sc d l i e e f l  i l l ,
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fceb n i c c i t i o n m  t echn iquer s h e _ c  dc bee-n deve ’loped w h ich pee n - m i t  thee ’ f. h m - i c r e t i o n m  c e f  w e ’ l l — c o n t n i i u l e - e h

s q u e e z e — w a v e — p  r - n et in l . i  s u r f c c c — n - c - l ien  f st r - u c t U i e -s in a m o r phous S n (  ) , . I l i n e ’  s t r u c t u r e s  i l l u st i - c i t e ’d

in I- ’igi-i . 1—i (bI rend 11—2 (b) coinlel r e p u e s c iit ic le ’~ hiz ections of t i le i c - n i l  e c t r o c t u i e s  c v l c R - b e  c n n  lee-  b i l e —

r-ic c et e -cI. l F’o r ’ a iv e l l — e h e f ine e l nmininluni  to occur’ in lice ge ’rm e r r d l i7 crd  in t e -r ’f c c c i r e l  te nsion of time’

ode r-Iayern ’ rienite’n’ial and the’ squa r e — iv i v e  St r’ucture such that thie~ m’quilibniuni o r ie ut e r ice ni c e f  t i n e  -

oveerl ccye ’r ’ would be - unique’, thee- h e i r - a l e -s of minmimuni intc-cfnccial tension for tine ’ e e v e c l i y e r mate m l

mus t n a t u r ’ c elly o c c u r  n e t  r igh t a n g l e -s to o n e  e n e i t l e c  m . \ s  cm i ’ x . e  niiple- , if thee 100) on 1 110) p l re im e s

of cc cubic ove c l iv - r ’ mrnt e ’ r ’ire l W e -  r e  - the’ p lnmnmee s of m i n i m u m  j u t e -  f e e l  - 1 h e  - r i sion , d l i  - p e n c e - r e  ii, e d

inte r-fnecicel te ’nsi on weeulcl breve ci n n i n i i n i c e e n m  ret  100) or  11 O~ [ C . n e ll e l  to die - sends n r c  uc - I ml c h i c  d u d

< 100> cc c r _ i i l e l to the grcrting g i em ’c’i dine-chion. Anothe’ r p o s s i b i li t y  would he cc I C d~~ c c_sea l OV e r  —

l eyc- r mccte ’  n e d  d i e -  r’e I oü} is the- p l ccne - i f  min imum inte -  r f m c i cl t ens ion) .  In th i s  c. i c , l i c e  - r u i n —

imum of the’ ge -t i e -  r n e lic’ e e h  i n t e - r f r e c i c c l  I c - a s i an  would occur for 1 00) ( d c  rc c l l e ’l tee tI n e sulcsn h e  ml c c c

and (001> p r e e n r l l e ’ l  to t ime p c -  h u g  p - ccci v. - di r- c -ct  cu r l .  Fo r’ soni e r li qui d  C C y s t  15 , c c c l i  T e e  - pr u r a l le-l

te ) t he  liq u i d — c r y s t a l  e l i  C c c  t e c h -  c d t -  c — a x i s- o f  t h e e  - l iquid  c -5 5 1  c i  cern c c c i r d Sh iOni d  to ci el C u e -  e e f  m i n i —

nmum i r i t e r f i c i c I t e n s i e e i l . 5 The -  n m i n i m u n i m  e c f  g e - u d e i ili/ c - c i in te r f  C c i  t e n s e c e f l  I c e d  t i m es - l iq inid  c m  v s —

h eels e c u )  cc S q U c i u c - — \V e v d - — c_ C r b i i c e l  s t r u c ’ t u r e ’ would o c c u r  for the e C — e X j s  I ’  i d l i e l to t u e  di ne c c f  t i m e -

su b s t r c c i c -  cend m m  d i m - i  te) the e  g i - i t i h i p  g r e  e c c e , m - d i r m - c t i o r m .

W i t i n  t ime-  n e - q u i r e -d m i t e - r i d  p r o p e n l i e n- in m m m c l , t h e  feillowing eWe i l n e y c i m e t e - r i d s  \ V c  d c

e l c c e s e r i  e r r  th ese f i r - s t  inc- c - s n  i g e t  h i res  emf  t i r e  o n i c ’n t cc t ion l  f C c  d l ,

1 1)  l ir iu nic l  cc  ‘c- s r - i s  - —  \ I l h l t \ m u d  ~i 1 — ~~4

)~ ( \ lk  h e e l  i m l c c i —

( i t  \ l e t m l s  — [i n

Phi ’ r n r g u n n e - n t  h ) m e - se n r c - e l  in S e e t i c e r i  1 1 — h )  fee r t i m c  c c c  i c ! it  - T e c e e c  e ’ f t c  e l  ii -s  cel l e ’elUi l ihn iUm c c c u —

niie nl t , ree l i t s  e~ e [ d h i e - I m d h j r v  l e e  ee c / n e - - c l  n-~j uid l i e e e d 5  e h c ~~ ee i r m l s  U ( X d f l  h u e  c h e i i i t v  e e l  cr r e - e l  de posit —

s c n h s l n - e t e - sy s t e m te e c epp n i i ech  e e 1t n j l i b n i u m.  l iquid e e v S i is - c  b e  k n e wn t i e  e x h ibit  h e - g i r l  e u l i 5 e ~~

t r o p i c  c r i b - C ’ - c i n e l  t e i C S i e d T i S . l i m e ’  li q e n i e b — c i  v s t l mole ’c in l e - s r e n e ’ cc l ’  l n i d h i v  u r c e e l e u l e - . m C d i l  - Ti e q U i —

l i h n r - i u m  c ’ c m n f i n m c n r -  , t i e e l i  in a t h i n  e e c - n  i c  in- - m i e n - c e — e l  m c h n m  - c c - c l  em ri t e e n  s o l i d — c — n v - - c 1 i V ’ T c -  f l d s .

h e e l  b l u e - s e -  i e m s e d m n s , i i q e n i c h  c r \ s e  Is i r e - c c -  I i n - c e n t -  c i  C c c i  nbc ’ n r i i t e  1 e e v e n l e v e  t o t  e c u r r c Uon e - x j c e n c -

n m e - n t n ~ - ibm ’ - i  Id i l _ e l i d e s ii c c -  m i n i m - e l  t i e  be a r c  e \ e e l i e  m l  e l c e e u c e f e e r  tIme- i n  e e c  n t  t e e m

e ’ c p i i l i ) e r d u e -  cc di e s c u d c t - v s r - i l n u n e  m e r e  n i l _  he c i e s e  t i le  \ hl eVe .e cu htii - s t n  ene ’ h U n e ’ c e l t I c  a r i m c n i i n i m i m n n

cc ’ I O0~ e . c r  c li i tee Sr I ) , I He ’ f . h e , \ I n - c c  I n c  - 1  - I c  hr  - [ t e l  c s  c r c  S n o u n ‘ c c  l m c e  V - much n i r e e  n e  -

c u r e - c e n t  d e l e t e  i r c e e  C e  e d ~~~~e 1 t e n s i c i n s  t i  r n o t i t c ’ r e  md c i i  t i c  d e e d  i s  s i r e d  is 111c C. is .
1 

I d e ’  cUe - l i  b e i l i d c - s

n i n e - ’ -  c c c l i v  d h c - ~ ee e s i l i - e I  f n e m  ic , e 1 i r e - e e d e -  _ e h n r e e c n r  ( c v  a c - - u v s e a r  c i -  e c - [ e c e n  - t i c e n c  t c ’c h i n i quc ’ c c i  dv

c i  c t  r e  c n n  - l e e  - r id  c - V ~ n i e c e n - a t Ic d u d  in a he iDhi  V cc  inn n r c .  ( C e  - c _ _ c  cn n — c h\ ( ‘1 n s tv .  e t c  - r so l e r i r i e  - c inch e S  u l v  i c ’ —

i i  iee e -e l , ile 1ee e~~r Tie e r c —  e n - m n )  h)e 1ee d t c e e  n ie c e 1 s I r i r ~~ e c m i i  t I m e  s _ c u r e  s e n h u s t i  e t c . \n r e c C r u c i m _ e c_
d l ~~ n - t e l

m i n t  t i h i i e ’ ln I c e s  ,i t e t d  c g ’e m u  1 st rU e ’ t e n r e , c x h n h c i m n cc i P 0  m c c c l e c t e r n - c  wi m c _ ’ rm - l e ( d e e s i t m e h  i n )  ‘u n e x e l l

a nl i c m i p (ce md n s Si t ) , x i m l c s n r c u e s, t 1 1 c m —  i n e l i c  l ’ s  t i c  c i  t I r e  I 00~ cl n n i ~-5 c c l i -  t h e  r e i c r e e - s  cmf nuiinminui ur n

r u r b e  r f c e c i el t c f l s i Of l ,  m i  he eS - c l e c w  n i c ’ l r r u i e e  1~~e m u c ’ e u l n i c in Ic n d s  l e e  - d  i e l m t i \ e 1 ’ ,’ b i g h t  a t o m ic ’ mob i l i t y ,

it i l s e  c e n  he c e t e r c e  h - r d 7 ’~ Sec is tem e 1 e p i e e c i - h i  - e l d e i h e t e n  i m e r e c  r e t  n e e d - s t  t e - n i i i x ’  a t t n  i c s  c e f  t O O  I c c

200 1 .

\ l t h c m i n g i n  the’ u n n h c ’ e  i v i e r m ~ i t e c e i c i e  cf c e V e i 1 m ’, e r  or  ne ti t b i e c h i  cC s t i t  I d c — C e  l u c Y s l n e n c l d e  e s  is

l i ce s e n i l e  f e m r  I * m t t i  li q in i e l  c c v s n  m i s  c m i i  — c e l i e h  c r y — I  - h one- i l i c h e d i in - , t h e e  c l - t i d e d i n e e r h e ls  c e f  b i d e

o n  ic I l l  e t ~~() t d  - f i c i t  fem r e c - I c r im e t c  u - m e l  e r e - e ; e l i l c -  c l i f f ,  r e  ‘ m l .  Fil m ’  m u e c e i c - l i n g  e e f  sin n f e c c — c c l n e f—

- d b n i e e - t u i c - — i r l e h U c e d e e r i e  C i t  c I r c l e  e f f e c t s  t e e n  I n c i n n i e l  c c y - n r e l s  inc h h n e i u n r d — c r v s t c i  c e r n -  t i n  e l n c m n  e - ’ c p e n i —

u i - r u n s  in - e l i - n - c c -  I m r  S e - d t c e m r i  I V .  \ c i e t e l i c e l  m m md c l cc l  en i - - m u  e ’ m e e d d  of e - e m i m c h  c r y s t  I l i u m - e m c e e 1 e v - C s

—— - -~~~~ - - - - -_ - - ~~~~~~~~ _ _ _  
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is ~m n e - se - r m te ’eh in S c e ’l i ee n V. h i e - c e c n s c ’ th e’ a tonms  in a solid deposit c e n t ’  much less mobile’ than  those
of a liq uid cn ’yst nch . ver’y c c  r c ’ f u l  ce mns ic le  rc it ion of the me’chrenism of deposition is nece-sscery in
the’ c a s e  of s e d h i e l  o v e m ’ l c ny e z s .  In S c c t i o r n  V , both deposition fro m aqueous solution r end by vacuum
ev aporat ion ir e  tn’eat e ’d Imy the same model of th in- f i lm nucleation rind g r’owth.

:\ p r e n c -q in i s i t e ’ for’ ci ii e m n i c n i t ce t ion  e’xpe-r ’ime ’nts is the cmvai lrcbi lity of a we l l—con t ro l l ed  rind
chn ar’ r n c tenized sunh, i ce - r eh e f  s t r ’ucture on an cimor ’p hous substr’n ete. The idenelized square-wave
s t r ucture shown in Figs. I - I ( b l  rind 1 1 — 2 1 c c )  cvccs assumed to have perfect l y smooth facets o r ien ted
at e’x actl y 900 to One cenoth e-n joined by infinitely sham -p edges. The frecets of a real s t ruc tu re-
will hc nve some fini te ’  r ’oughness and they wil l not be o r i e n t e d  ci t  exactl y 90’ to one another. ‘h’he
e ’ct ge’ s will he c v c -  soni c finite cu rv r ctu  n e ’ . As sh own in Fig. 11—3 . for em given height hi the e r a s e ) —

trO py cend or ’ ientcct i on force ’ of the sqen c re ’ —wc m ve s t r -uc t u re decrease-s  n- ms pe r iod s m e r e - c i s c - s .
Th us , in c m r e a l  sy st e ul , time- s t r u c t u r e  will hnm v e sonic- nic nx iniunm pe’ n o d  n -ct w lmichm it will be ef—
f e - c t i c ’ c - in in ducing ac- c- n ’icey e ’ r o r ientc it ion.  I ’he- d e t e i l e - d  models of thin solid film de ’positions in—
diccete tha t squec r e — w a v e  gn - r et ing c c - t i e m e l s  h c s ~ thcmn 1 pm (corn’esponding to the na tu ra l  g r ee in  size
ci f  l co lyc ry stcn l l i ne - o v e r l e v e ns e e f  t h e - s e -  m n c c l c ’ t i r l s  1 would bee needed to induce ’ single- crystal  ove r—
l~cy m r g rowth .  \s time r oughness of time f n ece ts i n c r e a s e - s  rend the facets devinete fr o m  inter - sect ion
ringles  of 90 , rend the s le n i r p n c - s s  of the e dg e - s  e l c c c r e c c e s e . c - e  the n m n i s o t r o p y  of thei gene r- re lized in te r-
fei ci c i l  te ns ia n i of time ’ ce d e-  r l c c y e -  n ce ni d the s u r f_ i c e  — r - erlie ’ f s t n ’ u c t u r e -  will dec n ee cesm ’ . A pr -ion-i it is
dif f ic tn l t  to p lcece r a l imit  on the m erx imum acce ’pt nib lee deviation froni thi er idealized square  wceve
st r u c t u r m - . In o rde r  t h r n t  the sqer.m nd - — w c n v e  st n-uctur’e r’ e n im r l i n well defined , the rough ness of the
face ts si r oul cl pr’ob embly de ’vicete ’ l e s s  than 10 per’cent of the - s t ruc ture  pe riod , rind time sidewall
reng les should deviate le’ss than 10 percent  from 90’ . Obviously, the radius of curvature  of the
gree t ing  edges mus t  he l c s s  than time h eight of time g r ’ re t ing  if it is to ceppn -oxim at e ’ cc square  wnmve.
The thin solid film deposition model of Se ction V i r u c i i c . c  tees  tha t  important  nuclecetion phenomenon
coul d be’ induced by ve ry she mz ’p gr e e t i ng  e’dges. F’o n’ this reason , m c c c l i i  of c u z v r m t u r e  as sm emi] ems
0.1 nm would be desiremble . In the ’ c i s c ’  of liquid cr’yst em ls , timer a n i so tnopy  of t ie gene rre ] ize d in-
ter fe n cirm l tension i r m c r e - i s e cc r - cmp idly ems the edge- c u r v a t u n e  de - c r e ’ e i s e s .  I’he problem of fn -mb n ic emt ing
re nd chnm r c c t er i z ing  squar ’e-wccve ’ st n - t n c t u n - e -s on e rmorp ho us s u b s t n c c l e e s with the r’equir -ed dimensions
is addresse d in Section III.
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III .  F’A BRI(’AT I ON 01’ St h t l - A ( l - — h { E l  u-: u- S F R t( T t  l i E S

A. In t roduct ion

Recen tly the erse of m i c r o f ab r i e - a t i o n  in the m a n u f a c t u r e  of n m i c r o c i r c u i t s  has  lead to a

great deal of research m b  the c a p a b i l c t c e s  of the f ab r n c a t i o n  process r I s e - I f .  A n-c a result of
this  work , hig h-resolut ion techniques  have leeen d l e ’ c e ’ ( c c ( c e ’ c I  w h i ch make peessib le  the fabr ica t ion

of subncicrometer  s tructenres.  -\ nm exce l l en t  n - eve- cv ee l  t hese  advances  has been publ ished  icy

Smith.4 Vet , despite the recent ac’hi evenient s  in fccl cni c a t i c cn te -ch re e e l e e g v . the  a b i l i t y  to f ab r i c a t e

s tructures with the properties described in the In t roduc t ion  and Sec t io n  i l - i - ;  heed not been ehem-

onstrated prior  to th is  research. ‘I’he th eory and l r n c e l  r e - c ’  of u c , - - .v tech niques  developed for use
in ce ’vre t al l ine overlayer o r ien ta t ion  e x p e r i m e n ts  cire de sc c c l -  n - i  m i  t h i s  section.

The f a b r i c e r t m i m r c  process d e v e l m d l e e c h  d e n r e n g  the r e p en t  w e i r k  t e e  p roduce the squa re -wave  grat-

ing s t ructures  m,r sed for most overlaver o rd e ’n i n d ’ n e e r r  n e t n e e l e e s  cs shown schema t i ca l l y in Fi g. 111-1.

- RAY V.Cn~ 
- - HOC Je~~A~ ” n e t  ec c U R  ASHY

SOFT S

, 1 $
m -~ l

R A D C A T e O N  S E N S e T I V E  -
POLYMER -

SUBSTRATE - - - e ’ c S d S 1 n - ~~~~~

POLYMER PATTERN — 
~~~~~~~~ j r i~ n - r c t  

1
cH~tOu d uM - - ~~~~~~~~~~~~~~~~~~~~~~~ I

- C C I ETCHcN G MASK
> D E C e N m T i O N  -

‘eR OM mU M PATTER N —_ __ - 
Ld FT O FF 

~~~~~~~~~~~~~~- - - -
- - -

, 
- - - 1 1. ETCH e NG—

~ ( REACT eVE ION ETCH cN G

COMPLETED
STRUCTURE ~~

,

fl~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~71
/ ~ ETCH MASK REMOVAL A ND

a . //a . ~/ .  - -//  ~ cLEANeNG -L / ep,m n - A c  ETCH AND US OZONE

Fig. 111-1. -‘1 schematic i l lus t ra t ion  of the process developed for fabricat ing
submic  rometer -pernod square -wave grat ing surface-rel ief  structure s in
amorphous 5i02.
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The process is comprised of five major steps:

( I I  \ hn e s k  pattern generation by holographic exposure and ion-beam etching. 
-

( 2 1  Pattern replication by X-ray lithography.

(3 1 l i f t -o f f  of chrome.

t i c  Reactive-ion-etching.

( 5 )  Final cleaning.

In next scnb sections , each of these steps is discussed in detail.

11 . \l cisk I’eettern Generation 1w Holographic l ithography

To generate a g r a t i n g - t y p e  s e r r f c c c v - relief s t ruc ture  by the planar process depicted in
Fi g. I l l - i , a n N -r a t ’  mask  prette rn mus t  f r r n e t  be generated. At  the present t ime , only two
p a t t e r n -n - g e - n c r - c i t r o n  t e chn iques  are capable of d i r e c t l y  p roduc ing  polymer rel ief  g ra t ings  wi th
sp ec t ra l  period s sma l l e r  than 500 nm . these are scanning electron beam lithograph y (SEB1 .) and
holograp hic  l i t h o gr aphy. The use of an ex i s t ing  SEI3I system at l incoln Laboratory was con-
sidered for t h i s  work and rejected because of electron backscattering problems 9 and the ex-
t remelv  long exposure t imes  needed to produce grat ings of 100-nm l in ewid th  over the desired
1-c m 2 areas. Holograp hi c l i tho gr ap hy , f i rs t  proposed by Rudolph and Schmahl ,1° is well suited
for producing large-area gra t ing  pat terns.  The apparatus  required is simple and the exposure
t imes  are short ( 10  to (~O sec) . However , du r ing  this research the technique was found to have
several d r i c v b a c k . -e which l imi t  i t s  use ces a final l i thograp h’,’ step in the fabr ica t ion  of square-
cva ve gra t ing  s t r u c t u r e s  in Si0 7. These d rawbacks  i n c i un d e :  l im i t ed  resist prof i le  control  as
a result of senb stre ete reflection , intr insic granularity of the photoresist , and poor adhesion of
ph o t o r e e s e s t  to SiO , surfaces, Nevertheless , holograp hic lithograp hy can be used for pa t te rn
genera t ion  d u r i n g  f a b r i c a t n o n  of the gold absorbe r pat terns  used in the X-re e v  masks described
i n Section h11 - ( -4.

The appara t en s used for hohemgr r e p h i e  li thograp hy exposures  is shown schematical ly  in
Fig.  111 -2 .  The beam from rio argon rein  ( d eer (457 .9 nml  is passed through a spat ial  f i l t e r  and
bean-n expander , and spl i t  in to  two p lane-wave  beams of equal  in tens i ty .  These beams are then
re flected from a pair of m i r r o r s  arrning ed so as to br ing the two beams together at a known
angle on a pho t oreses t  -coated subst ra te .  The two laser beams enter fe re  to produce a sinusoidal
mn t e n s i t y  pa t te rn  in the plane of the s c m h c st r a t e  w r t h  cc spacing given by

S - 2 e~ n fl 
(11 1-1)

where s is the gra t ing  period , ~ is the wavelength of the radiation , and 0 is the angle between
the beams and the substrate  normal ,

In thee case of a ref lec t ive  subs t ra te  surface , the reflected waves will  in ter fere  with  the
inc ident  waves and the in tens i ty  pa t t e rn  wi l l  also vary sinusoidall y in the direction normal to
the substrate surface .  The in tens i ty  will be approximately zero at the interface between the
resist and a hig hly reflective substrate leading to underexposure at the interface . In general ,
to insure o p t i m u m  exposure on a reflective substrate the thickness of the photoresist , t r~ should
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Fig. 111-2. —~~ schematic i l lus t ra t ion  - 
- -

‘
is shown of the configuration of opti-  M Rccoe e f l~ / \ . j f l sn ~~ o.
cal components used to expose grat-
j ogs in Shipley AZ- 1350J photoresist  - 

‘
\ /icy i n te r fe r ing  two laser beams. 
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be less than  o n e— h a l f  the s p a t ia l  per ie md of the in tens i ty  p r et t e rn  in the chi r ec’ t io ni  norm ne l to the
substrate  ot’ where n-n m a  the index  c e f  r e f rac t ion  of t ime I e h m e t o r - e e s e st .

t < 
__________ 

1 2 1 1 - 2 1
r 

4n r f 1~~~~~~~~n )

The smoothness of the f inal  pattern is of great importance ems indica ted  in Section 11-i- .
The in tens i ty  pa t te rn  of two inte r fe r ing  laser beams is expected to be ext reniel y smooth , thus
the in t r in s i c  smoothness of the resist will determine the amount e e f edge r ipp le in the exposed

C resist pattern.  An SEM micrograph of the type of photoresist  pat tern obtained on a re f lec t ive
substrate  is shown in Fig. 111-3 . The photoresist is a high-resolution posi t ive  dine , Shi p le y

11 - - - - 12 - - -AZ- 1350J , whnch has been studned extensively by 1)ell and others. The in t r n n s n c  roughness
if the resis t  is  10 nm. ‘l’he resis t  th ickness  of 100 rim was obta ined ( m ~ di l u t i n g  - \Z- 1  350,1 re-

sist wi th  AZ th inner  and sp in-coat ing  at 5000 rpm for 30 set . The subs t ra te  m a t e r i a l  is  a t h e n

fi lm of gold. The incident exposure energy was ~ 0. I 1 c d,m Z The development was by (miner -

sion for 15 sec at 20’C in a 1:1 mixture  of -\?. developer- 1i
~
0.

The rounded photoresist prof i le  shown en Fig. 111-3 is usefu l  em s m n  ie mni beani e t c h i n g  mask

for ma te r i a l s  such as gold which etch much f a s t e r  than the pho tore sr s t . but such prof i l e - -c are

not adequate to define the desired square profiles in low e t c h-r a t e  m a t e r i a l s  such -me S i t ) ,,

A t tempts  to produce a square profi le  in Ship ley AZ- 13 50 . 1 resist ti~- hol e igre ep hic  l i thography

were frers t r ated by back reflection from the Senb str ni te , which caen c ,’es an unavoidable modulat ion

in the in tens i ty  pattern of the i n t e r f e r i ng  laser beams in the d i rec t ion  normal  to the subs t ra te

surface.
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( - c g .  111-3. .-\n S1- M nmi crogr rc ph of a holograp hic exposure
of A Z- 1350.I photo re s i sn  on a 100-nm - th ick  gold f i lm.  ‘l’he
g ra t ing  period n a 320 on, , and the r e s i s t  th ickness  100 nfl-n ,
The exposing wavelength was 457 c m min i  and the te ct m l  expo-
sure energy dens i t y  was  0.1 .t cnim 2 . 1)evelopment was
by i m m e r s i o n  for 15 sec m m  c m 1:1 C e d ed u n  m e f  A Z— d e v e l o p e r
and water .

.1

iii
1 - m g ,  111-4. An SEM micrograph of a 320 nm (3200 Al period
grat ing of Shipley A Z-I  350.1 photoresist  on a glass substrate
produced using s imul taneous  exposure and development ho-
lographic lithography. Note the roughness of the sidewalls.

a
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It was found that by using a s imul taneous  exposure and development technique 13 ’ 14 ( which ‘ 
-

enhances resist nonlinearity) and a transparent substrate with nearly the same refract ive  index

as the photoresist , a nearly square profile can be obtained . A SEM micrograph of this result

is shown in Fig. 111-4. Unfor tunate ly ,  this technique could not be used as a final lithograp hy

step in the fabricat ion process outlined in Fig. I l l- i .  The restr ict ion to t ransparent  substrates

severely limits the range of substrate materials which can be used. The intr insic rougness of

the Shipley AZ- 1350J  photoresist which is quite evident in Figs. 111-2 and 111-4 appears to place

cc lower limit on the edge roug hness which can be obtained directly with AZ- 1350J resist. The

1cuccr  ad hesion of AZ-13 50J  resist to Sit) 2 also makes the process unreliable , since the photo-

resist can eas i ly  become detached from the substrate during normal processing,

Because of the problems associated with the use of holographic l i thography as a final litho-

grap hic step, the use of the more flexible techni que of X-ray lithography was exp lored. Details

of th is  research are given in the next subsection.

C. Pattern Rep li cat io n by X-Ray  l i thography

1. Process Capabilities

Prior to this research , X-ray lithograp hy had been demonstrated to have several properties

which made it par t icularly  attre ic ’t ive as a f inal  lithography step tor  the exposure of submicrom-

eter surface  rel ief  pa t te rns .4 These pruper t ie s  include:

(a)  Intrinsic high resolution because of the absence of s ignif icant  d i f f r ac t ion

it the 1- to 100- :\ wavelengths which can be used.

(b )  The compat ibi l i ty  wi th  the process of the ext remely high resolution re-

sist Polyinieth y lmethencrylate (PMMA) .

ct  The absence of back reflection or proximity  problems , which makes

possible the achievement of vertical  sidewall resist s t ruc tures .

(d l  The relative simplicity of the technique and i t s  low cost.

(e l  Reasonably short exposure t ime per sample kzo to 100 m m .  for

Cu 1 (13.3 A ) w i t h  a 400-W electron bombardment sourcej.

Despite these important properties , replication of square profiles with linewidths less

than 500 nm had not yet been demonstrated. During this research, the replication of very

smooth-walled square-cross-section profiles in PMMA with linewidths as small as 100 nm was

achieved us ing the very soft Cu 1 (13 . 3 A )  and C K (44 .8 .-\ l  N rays. 1)etails of this achievement

are presented in this section.

2. (‘onsiderations in the Choice of Cu 1 and CK X rays for Submicrometer
Pattern Replication -

The X-ray lithography process using a conventional electron bombardment source is

shown schematically in Fig. 111-5. An X-ray image is produced in a polymer resist film by

modulating a uni form X-ray  flux with a pattern of X-ray absorbing material carried on a rela-

tively transparent mask membrane . The resolution of the process is determined by several

factors. Re ference to Fig. 111-5 shows that in general the re will be a gap, s between the mask

and substrate. Since the X-ray source has a finite size and is not collimated , the shadow cast

4
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1-1 g. 111-5 . I l lus t ra tes  the X-ray  l i thograp hic repl icat ion pro(-e ’ss us ing  mn e lec t ron
bombardment  X- ray  source. An N -r ’ rmv mask , consis t ing (i f an X - r m n y  t r anspa ren t
membrane holding zen absorber pattern , c res t s  em shadow on the r a d im et i o n - s e n s i t i v e
polymer on the substrate.  The insets show the ef fec ts  of penumbral  b lu r r i ng  and
geometric dis tor t ion of the rep licated pat tern caused by t he f i n i t e  source size d and
noncol limated na ture  of the exposing rad ia t ion .
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Fig. 111-6. Di f fe rential dissolution rate
M~ ’ / / of a —0.3-1im -thick film of PMMA as a

/ [ func t ion  of energy dissipated in the poly-
it 

- ~ 
I i i e v m  mer for three d i f fe ren t  solvents: ethy l

.i /A / ~ - alcohol , a solution of 40% ( M I K )  and 60%
/ ( I F A ) . and pure M E N  (fro m Ref. 9) .
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by the absorber pattern wi l l  exh ib nt  pe n umbral hlurrnng and gc ’e e m m e e t  r i d -  e t e s t e ) r t i o n .  Both e c f
these pr ob le n ms can be t’t  t e - t r e - e l v  c l n m i m n i c a t e d  ic y n i a i n t a i n m n n g  the nm a sk and s c e h s t  r - m t e  r ye m l  i n m a t e
contact and / or ( c v  enereas ing the s o e n r c e - t e e - senhst ra te  distance. L ’ l t i n i i a t e l v  the resolution
of X - r a y  l i thograph y m s l imi ted  i c y  the in t r ins ic  r e su l i n t ion  of the X - r a v - s e n ~ r t n v e -  resist .
t’he refor e , the re sns t  cha rac te ri s t i c s  mere of u t m i e s t  i m c c ) e c c r t m m i c e ’ . ‘I’he \ — r m m v — e e n i s m t m e - e  resect

w i t h  the highest  known r - e c m e l e m t m m e n m  m c  l ’\ l ’cl \ . 11, properties have been studied extensme-elv by
-ct ’v er a l  workers , 15 1 6, 17 and the mechan i sm of exposure r end d e v e l n > p n m e n n  is  w el l  un der s tood .
In the e - c  w c , r k , the cnn expo sed resist consists of 1 ’ \ I M e ~ c e t  i S o  ( c O O )  nnmlecut -ar  we ight . I’he e - xp ems -
t r i g  X - r r m d i a t i o n  breaks bond s in the l ong -cha in  polymers  red enc ing  the m o l e c u l a r  w e i g h t  in the
exposed region. The 1-t’ -e n s t  is developed by n m n l e r sn e r n  in a weak so lven t  sue -h ems  em n, i x t u r e  of
60~ r s opropyl  emlc oho l ( ( I A )  and ~l O  - \ l e t ( e m  1 l sobutv l  Ketone t M 114K ) w h i c h  p r e le n - en t  n , m I I v  dis-
solves  low molecular  weight  l \ lM -\ . The e i e s s e e l e m t i i c n  r re te  of l ’~c1\1-\ for this mini xt em re . ethyl
a lcohol , ri nd pure \ l l l l k  m e a h n g h l y  n e m n i l e n e a r  f u n c t i o n  c m f  the energy c i m e - c i l e c t e c t  per u n i t  vo lume
en the 1’ ‘m l M A.~ A plot of the meastired c (ehce ’m e iiee ne m -t - m e t  I - ‘ml ‘m l \ d i ss o lu t  me cmi  m i t e -  on energy d i s—
sipatlon for e lect ron ,  exposure is shown in I - m g ,  I l l — c e . S i m i l , m m -  n - e s e m h n  s have ( c e ’ e ’ i i  o b t a ined  (c v
Bern ackn 1 N fo r “k N- r ,m v exposure.  In the c - ice ee l  N -  r miy  ex i c o s m er e  the r e e e c l c m m  e m c i t  P \ l ’m l \
appears to be l i n m n t e d  only by the  rannge of the  phot ot ’ lem -t r ec i m e ene i t t ed  empon . m i e s c c r l c t  r en d e f  an
X—rr ev photon. I- m g e e re 1 1 1 - 7  — c h e e w s  i c e m l e u l a t i o n  of the me lx n n nen nm m - .im ict - of photoelem -t re nd - m s

I t .  
U~~. w  V ’a,, m

Fig. 111— 7 , The e e i l m e i ( _ i t e ’ i (  r n m e x i n , c n n m  m m m c c , -  - -

of photo 19 e l ec t rons  m n l ’ \ l \ l . -\ vs elec-
t ron  energy . Shown men the  cr ime  h I n t  mc a
c u r ve ext rapola ted  fre m e i r m t _ m  e c h t  ained by ~ / /Spn ller2O of the effectmve range ci t  ( e t i c e tce  - / 

,
,

elec t rons, the range e c s e m -  which scgnm ~m m - .mim t
e’ x l c e c e c m r e -  of the I’MM-\ c c e d - e e r e .  : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

“5’ —- - e’, i CIf~~Gt

a f u n c tio n  of energy. Also  shown is a curve ext r apola t ed  from m n i e ’ m - c u r ements  of  Sp i l l e r 20 of
men e f fec t ive  electron range in I’MMA , -e measure of the distance over which -e s n g n m f i c a n t  ex-
posure occurs.  Note that the e f f e c t i v e  range is 400 , 200 , a nd 50 -‘i c i t  Al k ( 8 . 1 -1) , (‘ U i 1 4 ,3  ‘ m l ,
and 

~ k~
44 ’8 A t , respectively. This ind ica tes  that the longe r X - r a y  wavelengths mi re more de-

sirable for the highest  resolution work.
The choice of the Cu 1 (13. 3 A t  X-ray  for replicating 1000-A-linewidth grating patterns

with smooth vertical sidewa lls is determined by several consi d erations.

( a (  The absorbe r attenuation mus t  be — 5 dR to provide adequate cont rast.

21
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(b ) In general , the gold absorber pattern is not perfect and has consider-
able hig h - spa t ia l-f requency  edge roughness and some ed ge smoothing
is desirable.

( c)  A mask membrane  mater ia l  wi th  reasonably low a t tenua t ion  mus t  he
available.

(dl An X-rc ey soinree with a strong X-ray line must be available.

Figure 111-8 shows a plot of the attenuati remm in gold and polyimide versus X-rmm v wave-

length.21’22” 3 Gold is generally the n-material chosen for an X-ray absorber. It exhibits one

of the highest material absorptions of m y  element and is a very convenient ma te r i a l  to  dis c in

mask pattern fabrication because of i ts high spu t te r -e tch ing  rate. Nevertheless fabrication of

gold structures with heights  much gr e e t e r  than the i r  widths  (cv ion-bean -n  e tching is d i f f i c u l t .

Therefore, if replication of linewidths less than 100 nm is  des i red , reference to Fig. 111-8 in-
dicates that the X -rmex wavele”gt h used should be gr e m et e r  t h m e n  ~~~ -\ in order that the pattern
will have contrast 5 dT~ . At  the same t ime , because the ed ges of the g ra t ing  p a t t e r n  are rough ,
some blurr ing or smoothing of the repl icated pa t t e rn  is d e s c r m t e l c . For t h i s  reason , u s i n g t h e

shortest pract ical  wavelength is r e dvan it cm geo en s since photoelect ron rm e n g e increases  wi th  decreas-
ing wavelength.

4 j ~ ~~~~~~~~~~~~~~~ 
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FIg. 111—8. A plot of the a t tenuat ion ( d l )  N n n c t of gold m d  p o lvim id e

vs wavelength for soft N r a~~s (1 to 100 Al.  The data were obtained
/ 2from several  s o u r e d’s . - - -
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The attenuation of most materials  increases rapidly with wavelengt h above 10 A . To mini-

mize absorption and maximize film thickness for reasons of strength and s tab i l i ty ,  the mask

membrane should have a low material  attenuation.  Fortunately,  several organic polymers

which are particularly convenient to use in thin-film form as mask membranes have acceptable

attenuations of -- 3  dB/pm for wavelengths below 15 A and ir, the region of the carbon absorption

edge at 44. 8 A . The at tenuation curve of polyimide shown in Fig. 111-8 is typical of many high-

carbon-content polymers.- l astly, copper which exhibits a strong L line at 13. 3 A is a conve-

nient mater ia l  to use as an electron bombardment source because of i ts high thermal conduct iv i ty

and relatively high melt ing point.
The 44 , 8  ~‘m (‘

~< 
N m e m v  is also very  well suited for hig h-resolut ion X -ray  l i thograp hy ,20 In

fa c t , it appears to be the optimum wavelength for the highest resolution work because the maxi-

mum a t tenua t ion  of gold occurs near 44. 8 A and low-at tenuation mask membrane materials are
available at 44.8 -\ because of the occur rence  of the carbon absorption edge. For wavelengths

greater  than 50 -\ , the resolution l i m i t  is probably  determined by d i f f r ac t i on  ra ther  than photo-

electron range. If better e e i c e e c r l c e n p a t t e r n s  can he made mend the edge smoothing effect of the
(‘u1 radiation is not neceseeerv . the 

~~ 
X rely is expected to be the optimum wavelength for high-

resolution work.

3. The X -re ev  Source

A ec0 eemn e c im - of the apparatus develecped to implement the N -r a y  l i thograp hic process is

shown in l- ’i g, 111-9. N rays are generated by electron bombardment of a coppe r or carbon target .
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l- ’ig, 111-9. A schematic diagram of the appara tus  used to imp lement X - r a y
l i thograp hy with  the Cu 1 and X rays, The dimensions and voltages
shown are typical  operat ing parameters.  A source- to-subs t ra te  d i s tance
of 7 . 5 cm and accelera t ing voltage of 6, 5 kV were also commonly  used.
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-\ny electrons escaping froni the N-n-n y sour- c -c are deflected by an electron def lect ion assembly
and prevented from striking the e c e ( e e t m ’ e i t i - , The I ’M ’mIA- coa ted  substrate to (c c exposed is

mounted in t h e r m a l  and electrical contact ev i t h  a water-cooled copper block. The X-i- m mv mask

is maintained in int imate contact with the substrate  b e m m e  e lectrostat ic  hold-down scheme.
‘l’he electron -n bombardment X-ray  source con s i s t s  of mm modi f ied  V a c u u m  Generators EG- 1

electron-beam evaporation unit 4 Electrons emi t ted  from the resistance -hecit ed  t u n g s t e n  r ing
cathode are electrostatically focused to an 1 -mm-dia .  spot in the center  of the water-cooled
anode. The anode cons is t s  e i ther  of a 2 - n i n m - t h i c k  coppe r disk or a sandwich of 1- m n m - t h i c k
h igh-dens i ty  grap hite . 2 c 0 -j ~m- th i ck  i n d i u m , ri nd 1 -mn-n - th i ck  copper. It was de te rmined  ex-
per imental ly  that the copper and carbon anc des begin to evaporate at total  ~ c e w er  l evels  of

~ 550 W into an ~ t — m n i  spot. In pract ice , a maximum to t al  power d i e c e m ( c e m t m c c m i  of 400 W is used.
l- m i x -l v X-r r m y exposures showed much less contrast  than  predic ted.  ‘l’his problem was traced

to spurious 1~ \ l ’m l •\ c x j c c c e e m m - e  t m ’ c ) n i  e t m - .m ~ e lec t rons  e m i t t e d  f rom the e l ec t ron -gun  assemb ly,  This
problem was e l i nm ina t ed  fey  inmsta l l ing  men electron d e f l e ct o r  emssemt c lv  e m l e c e v e  the X - r e m v  source as
shown in Fig. I l l _ e l .

The X- re ed i r i t i on  e m i t t e d  by the electron bombardment  source con Sists  of l ine radiat ion and
c e ) n m t m n e n u m  or t c m - e i : i e s t r r e h l i n n g  rm m d i m i t i onc ,  l’he wmmve l ength  of the desired l ine  r a d i e m t i c c n  is of coure
determined ( cv the  t en - g e t  meeter ial .  The a ( e e c - m  r um of the e e c n m t i n u u n m  is d e t e r m i n e d  by the m c m t e —
rial and the energy of the inc iden t  e le ’ m -t r on , w i t h  the cmpper l i m i t  of the photon energy  equal to
the inc ident  e lectron ( -mdc n-gv .

t h e  fol lowing  empir ic ce l exp re s smon - m e~
5 indicrete the d ependence of X -r e ev  line and con t inuum

e m i s e e c e r )  dmn e c c ’ e r i e e l  ) d c i c m l c e ere  cmnd e - l c c t n - o n  energy ,
The nu m b e r  e e l  phote rns  e m i t t e d , N . per e t e rad i an , per e lectron is given (cv

N I - 1 . 1e3

~~ 
f •  e~

t l
~e 

— I - x )  ( 1 1 1 — 3 )

ih e  powe ’ m i n the cor d i n i m u m  in totm ml  w e e t t  e e m i t t e d  (e e c  keV i n t e r v r i l  per a e d t  o~ elect r ical

~~~~~~~~ 
r cc given by

l e o E  I r k .  f ( E  ( — ( I H - 4 (p p ~ I - /

- vhe re  e is c t m e c r m c t c r m e t i (  of the I , m r - g m c m  e l e n m e n t . is the target re —m (eeee m’ l c t non factor. E is the

energy c c l  the h omb a r d i n g  electrons in keV , N is the io ni e~- c t i o n energy of the shell (K or LI  of
in te rest  in lw-V . E~ is the  photo n energy in keV , Z is the a tomic  number  of the subs t ra te , and
k is em n e n m m i i c e m -  che ir n ec te  r i - c t  i i . c c l  the mate rial.

e f p r i m a r Y  impor tance  is the relei t  e ve-  ( c c e w e ’ r’ absorbed in the 1’\l\l -\ from the l ine and con-
t i n u u m  r a d i m i t m o n  s ince the m c e m e k  w i l l  have loev cont ras t  for the higher  energy c o n t i n u u m  radieet ion.
I ’ si ng I- qs. I I I —  3 rend 111-4 m en d the m e m c c c c m r e d~~

3 ee ic e or l ) t io nm v e r s u s a-mi velength of I’M MA , the t e c t e i l

power in e v e e t t e  wat t  e t e r e m d i a n  absorbed in I ~im of I’M ‘m l - \  per u n i t  photon  energy was calculated
t in ’  a cmcpp (~’r a c e d e r c e  oper ated m l  H kV ) ‘ e ~~t below the threshold c c c  exc i t a t ion  of the (‘ U k 1.5 - A

l i ne ) .  l’he resul t  is plotted (m d -low in I - m g .  111- 10. The to ta l  power absorbed from the con t in inum
is ~ 5 perc ent rO the power absorbed f rom the line radia t ion.  Because of the h ig h  nonl inear i ty
of the n - c e - - e a t  deve lopment  r i t e  I s shown in Fig. 111 — 6 , the e f f ect of th is  addi t ional  ex po e em n ’e  (cv

the c o n t i n u u m  should dc ’ negl ig ib le  provi d ed the mask membrane  doe s not s i g n m f m c a n t l y  mm l te r  the
spec t r cnm c c i  the exposing rad ia t ion .

a
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4 . The Fabrication of X-m ’eev M a s k s

A ma jor problem encounte red in i m p l e m e n t ei t i on  cf  X-reey lithogn ’mep hv with the Cu 1 em nd

X -r e i v e  was the fabrication of the X-rcm y mask. ~e v e m - e I  t e c h n iq u e s  had been developed by other

researchers26 27 , 28 to produce m a s k s  for use  w i t h  the ~~ - ~~~~ ‘m 
~‘k ~ r e m v , and o the r  s h o r t e r

wave leng th  N reeve. 1- lowever , the a t t e n u a t i o n  in the me esk  membrane  of these mdmasks at the ( c m i
ri nd Ck evavelen~ ths is unrmc - - e ( c t m ( e l v  h igh  (i.e., -3  d i l l , ‘m 1 e ’ n i l c m ’ e c u i e ~ u e e e d  ci t  t he  shor ter  wave-
lengths  are usually a few n i i e -r o r i i e t e r s  th ick while m a t e r i a l  c m t t e n u e e t i o n  i t  w e iv e l e n g t hs  longen’

than 12 A forces one to use thicknesses of 1 pm o c r  l e es ,

To solve this  problem , several new ty p e s  c c f  m a s k  m e r n h m -m en e s  -were e n v e a t i g e e t e d l . includin g .

very thin (~ 200 nml Si 3N4 
/SiO , m e m b r a n e s, and vc er ioue  th in  organic  polymer f i l m s  i n c lu d i n g

‘m ly l e e r , pol yethy lene , and pol y imide .  I se ful  N - r ay  masks ccc i- c- f ab r i ca t ed  w i t h  s i l i c o n  n i t r i d e

using a process s imi la r  to tha t  developed Icy Sp il le r~~
3 ’ 9  These masks were found to he ex-

tremely f rag i le  and their  use was abandoned ,  N c v e m ’ t h el e s s , t he t e c h n c c ( c e g v  developed to fabri-
cate silicon ni t r ide  mnes k e  was found to be ve ry u s e f u l for snm mple  preparat ion prior  to ol le cr v ,m-
tion in transmission electron microscopy as described in Section 1I1 - I- . The fabrication cdt

sil icon n i t r ide  N- rc ev masks is detailed in A ppendix A . Commer ica l  Mylar film which has been
used ems a mask membrane with the N ray and shorter wavelengths27’28 was found to have

an ex t remely roug h surface innsu i tzmble  f o u r  h igh- reso len t ion  work. Polyethy lene f i lms  which can
be easily prepared in 0.S-pm thicknesses by s t re tching a 25- pm -t h i c k  sheet were found to be

extremely heat sensi t ive  and could not wi ths tand ion-beam e tch ing  of the gold mask pat te rn .
E v e n t u a l l y ,  t h i s  research led to  em vet -v successful  new 1d1 ’c c c e e - c  for f ab r i ca t ing  N - r a y  n -masks
wi th  pol y n n m i d e  mask  membranes .3° Thms new mask weme used for nea r ly  all the soft N - r e e v  lithog-
m - e m p hv work presented here.

The process developed for f ab r i ca t ing  pol yimide X -re iv  masks  is shown s c h e m a t i c a l ly  in
Figs. I l l-Il and 111—12. In the first step of the process , a glass ~u ( u s t m  c t ’  i s  co mmted  w i t h  a film

25
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is shown of the b o n d d in g  of a copper - -tube (a)
e tching holder to a pol~ i m m d e  f i lm p r io r  to
e t c h i ng  of the glass s u b st r a t e  , A m i  op t iona l
step of bonding of a support ring is also
shown, ( b - c )  The method of removing  the
glass substrate by etching in dilute hydro - ~~~~~~~~~~ A

flouric acid is illustrated . Isopropyl al-
cohol can he used as shown to prevent  any
acid f rom leaking throug h pinholes  in the
p c c l y i m i d e  which may be present when the
p i n es has been removed, a — — D-LUI[ c- c

L E1-t~—
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of p c d l v , m m i i i c  acid ( I ) m r p o n t  product  l’1’-~~~ 30) (Ref .  3 1 )  In s i n g  cm c onven t iona l  s p i u d n i d u e g  t e c h n i q u e .  Both

2 0 0 -p m - t h ic k  Corning 021 1 gleeSe tC s c e b s l r ’ e m t e c s and 1. 5 - m m - t h i c k  op t i ca l l y flat pieces substrates

we re cised. Poly annic  acid t h i c k m e s s e s  rangim g fronm 0. 5 l e e  5 pnm were obtained using var ious
sp in speeds and d i lu t ions  of po ly amic  eicid in a s o l c m t i e c n m  c e f  equal parts  e - f  N - \ 1 c t h ~- ( - 2 - p y ro ll i d o n e

and acetone. To obtain , the f i lm th ickness  of 0.9 pm used for most of the (‘u 1 work , a mix tu re
o f 4 par ts  P1— ,tS (0 , 1 part N — M e t b e y ( - .t—pvro l l i done , an-nd 1 prer t  nw - v-l o n e  is spun cit 6000 rpm for

60 sec. -\ f te r  sp inning ,  the polvamic acid is convee-ted to po lv ine ide  by cur ing  the fi l m-nd m l  150 (’

fo r 4 ”  0cm . and then n et 250 ( for 60 m i m i .  To f e m l c m ’ j c e c t c ’  tbme ab isorber  p a t t e r n , a m ey er  of 10 nm of

ch ronic I f o c r  adhesion(  cro c I ci L iv e - n  cc i  300 rio -n c e f  gold elm - c eva porated o u d l e c  (lee ~c m c l v i  no ide su rface ,
100 mitr e of A Z - I  350,1 resist  is spun c o m u t c ,  the p e i l c l  e e i r l e i c a ’, rend cc grating pa t te rn  is exposed in the
resist u s i n g  the holograp hic techniq ene  descr ibe d in Section 111-H . The m ’ e e - - ce l t ing  r e see d  gra t ing
pc cttern m e t s  mis a m u m e e s k  dur ing ion -bean -n  e t ch ing 4’ ~~ of the gold , -~ t t c  r ion-be ne m etching of the
gold , a copper tube is bonded to  ti -ne I c e c i v i u c e i d e  u s i n g  e p e c x v  em s i n d( c at e d  nm 1 - m g ,  1 1 1 - 1 2 1 c m ) .  ( A t

th is  point , a support  r ing can relso be bonded to the p o lv i m i d e , )  ‘l’he glass subs t ra te  is  etched
cewely Icy i m m e e - s i n g  the e e e s e i c o i e l ~- in cm s c o l u t  m c d i i  of ,~ pa r t s  water  t o  1 part concent ra ted  h y d r o f l u —
(er ic  acid .  l- ’c c l l e u a i t i g  r e n : c e c v e e l of tb - ne pL e a s , a (c oveTed .- - c c n j e p on ’l  i ’ m n g  of al um i num o cr ’  s t a i n le s s  steel

is hooded to e i ther  side of the pol i n c i d e  mi m e n -n i l -c rane  u s i n g  e p c c x v  een l e s e  i t  iv ec s a lre r md y done be-
fore the glass was  renmoved and the super f luectm s  nw-mhrane  co d e )  side the support rim - np is cut ecw -av ,

~\ Liver ec f  50 one of a l u n i in c n m  is evaporeeted over the ce lu s e m ’ l ice - side of the mask membrane  and
electrical c o n ta c t  is made between lees  a l u m i n u m  layer  eend the support  r ing u s i ng  c o n d u c t iv e

paint cc i’ by i n s t u m - i n g  a c o n i t i n u m m u i s  path ec - t \ v c e n  the a l u m i n u m  and the ring. ( r o e s  d e c t i o n s  of

the completed pol y imide - X - r ay  m u e e e s k s  rice shown in 1- i g e .  ~I ( -  13 and 111-14, 1- ’u t h e r  de t a i l s  about

th e fab r ica t ion of polyi mn ide  X - ray  masks  are given in -~Icpe n d i x  1) .

5 . The \ i a in mte oance  of I n t i n e a t e  M cc ci-: —~~e n t e s t  m a t e  ( e c r e l e c c i

To min imize  p e n u m b r a l  1 e l t n r r iog  du r im - np N — m c c v  - x l d e c s c n  i-c , the n u c m s k  and - c c n l e s t r  e t c  mere held
in i n t i m a t e  con tac t. ai me L - e c  the exposure t n mke s  P ln mc Q in a v c e c u u n m , t i ne  usual pneemmatic hold-down

m ethods cannot be treed, For t h i s  r e a s e e n , cm e (cctic c u em t u c  hold-down technique acme developed

which employs the force developed across a paral le l -plate  o - . m ( c e m c i t o o m ’  o v hcmc a v o c l t cge is repplied .

Given the i n s u l e m t c o r -  t h i c k n e s s  t in pm and d i e l e c t r i c  c c o i d s t e c i u t  k c of t h e in su la to r , the pres-
sure P in a tmospheres  exerted upon the X- ray  membrane  wil l  be

P 1.1.4 / 10~~ k , (111-5 )
C

For typical  values o f t  = 1 pm , V - 40 V , and kc 10 , the pressure , 3) 0.7 m m t m o s p h e r e .
is adequate  t e e  m a i n t a i n  j ot  ime ete  coot n ect .  The in tegr i ty  of the insu la to r  between the mask and
subst ra te  conductors  is e s se n t i a l  to the m e min t e r man i c e  of re l iable  contac t  since a short c i rcu i t
wi l l  e ln m i n a t e  the hold-down force.  1d ~~ 1\) \ bee s been found to he an unrel iable  insu la to r  because
c m . is easily scratched and often conta ins  pinholes , thus , either the substrate i t s e l f  or the polyi-
mide  men ebrne ne must act mis the insula tor .  Three d i s t i n c t  exposure geometr ies  have been used
i n t h i s  work ems  shown in F i g ,  111-15.

It wem e found that  d u r i n g  exposure  to N rave a fixed charge tends to accumula t e  in the insu-
l e i t c c r  such em s t e d  cancel the f ield between the mask and subs t ra te ,  I f  charge accumula t ion  is
a l lo wed t e e  e e i n t m u u o e e . the  mask and e c e b o s t r e c t e  even tua l ly  lose c c c n t e e c t .  However , contact  can be
m ai n ta i ned by reversing the voltage across the mask  and subs t ra te  before the f ield is completely

- 1
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L~L GOLD ABSO R BER en . J Y O N e O M  C O N t A C T
( 0 ’ e a O  sm ” -

POLYO MIDE MEMBRAN E EPOXY(0 5 no 4~ m ‘cc
S o/ I CR ’  4~c,:,

( : g  I l l — I  I . Se ’h e m n r m t i c  cross -cccl ceo of a } o e d ( v c m  ide N — i - n o v  mask  developed
for’  h i g h — n - e e c c ( e m t e m m n  N — m - e e v  l i thog n-r ephy ens ing  the Lu 1  em ied  t k N —  rem v  cyr i L-c —
le n g t h s . I e n-c the  g o l d  e c l o s o c m - k c e ’ r  p a t t e r n  es on the “ fro n t ” sn d e  of tb - ce m m m s k .
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i b u l

F ig .  1 1 1— 1 4 . (‘ ra ces  s c ’ e l i e i i - c  of two S-p e e o c t  ~e o 1 y e m e t c ’  \ — m ’ e m v  m , m s k ~ c m - c ’ sh own
cvh cre the g mile b c c l e - c o e r ) ’ c - r  l e t t e r -m i ne  on the  “ b c . m m k ’’ of ‘ l i e ’  m m o . m s k .  o e m O  i’he c o m m m —

o g e c n ’ . m t i c c n  w h i c h  r e s e i b t s  when a tl nm t  c d m t d i c c e n ’ n  r i t u g  i s  b m e e n e l e d  t e e  the  polyimide
l c c ’ f e o m e  c - t o  l i c t u g .  es = b c e c w n  m n P i g .  1 1 1 — 1 2  ( c i  t e e -  ‘ ‘ m n u i c g o e t - m t o o e m c  wh i c h  r esu l t s
a-h en ci ( e m ’ - , - c ’ l e - e (  s u e i e ) e m m r t  n’ e n g  m e t e e  ‘ m i l e - c t  m t l e r  etchnn g ‘ - t  t bee ’  - e u e t e ~~t r i t e,
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I” ng. I l l — I t  Sc ( m e u u m e m l e r - m m - d e s  sec - r , c m r s  m m - c - sho\%’ n c f  b h r m - e  m r m s k
and se e h s t m c e l e ’ pe ’e c n u i e ’ t  m i c e  u— a ct t e e  e i b i m , m m m i  r n t c m u c , m t e ’  (‘ ‘flI ed h e’d Lice’ !)

~m nm r e sk rmmmd s o e h s t t - r m t c  m e e m n p  ‘ l e e r  m o e - c ’ cm mc’ = —  e n

cancelled.  Au em em teem ii , i t j c nionntoring e v s t m - n u c  w e m s  I t ’  V c ’ I o d l c t ’ e b  for  t h i s  ‘~ 
I c e d  a d ’ . P0 1c m - C’ N — i - e m s  c x —

posun’e , m t  em i l e s - e n u  voltage , t h e  b m i l n i m u c e ’ of c ’ l ce t r ec- c t . mt ic i o n ’ e s s e m - d ’ em nd noemek tt’ u ua cccu u clt’t erni ine

th e area of m - c e n t , n c t ,  -\ e the el ec’t r e e e t el I c  l d m ’ t ’  e s o e n e  c l y ’cr’easc s due t e e  o ’ t i e e  m e  m u g ,  the mm e’erm of - o c m i  —

tact  also e b e c n ’ e e e s e s ,  The ar emm of m e e n m t c u t e c f  the  m u u , c s k  m mmc d s c e h a t c e e t e  ms u i c c e i e e u , , m - c’,t  by u c o e - e e e o e m - i n g

the cmeprmcr tm i nc e  cci  the  m r e e c s k — s t r h s t n - cm te ‘ e e n i t e i n m e i t i m i n ,  \ u  cc p reset  t h r e s b m m c ( m b  v e c l c m m -  c i t  o - e ~o e e c u t m u u c e .

th e sngn of tb e e ce m ntr n c t  v o l t e e e i e is r e e n t r c n i . m t u r — , e l l v  m ’ c ’ve m’ aea l  and ,eT Ie ee- c t e t h e -  i n - n e t  i e i l  e e e u u l , e c T  e m m ’ c’ e e i s
reganned.  This  j c r - c cct ’ee then  repeats ces long e es the  N — r ev  f l a x  i s  o n c c c t e n e t  cci i  tee n i t m i s k .  ( d e n —

t inuou s  m t  i nn a t e  e e e f l t  n e t  i s  t h u s  n i m r i i n t m m i n e d .

b - x ~c c o n ’ e m u c e n i t , m 1  R es in i t s  — l ’ ’ ci lMe\  l ’r e e f i l e ’a I i t c u e m i m m e — o l  t e o m i g  I cc ~ mend k ~ n — e m v e

‘l’o tes t th~ X — n c m v  r ep l i c m l c e ’ m i  i~i- c~~- - ss gr e ) mug  l e e m t t m ’ r n m s  e e l  120—t in t - n  lce m ’ u c e d t  wer e -  r c p l i c e m t e ’et

i n I ’M M 0 \  l e e v r ’ m - -c 0, 5 ri nd 1 p m t h i c k ,  n-d -~”,l uu l o- m ’o c g m - : e ( o l m s  of t he  r e s u l t s  m m m c ’  s h c ’w m i  en l”igs . l l l l l e
to 1 1 1 — 2 0 .

P e p .  I l N i ( e . ~ [M 
~~~~~~~~~~~~~~~~~~~~ 

~e

’

~~~~~~

F
~
°°

~~~~ u sn n g  the t o e j  ( 1 3 , 3 -\ i  N c m v ,  ‘rh e -- 
- ~g’~~ ~~

‘ ---
~~
. d1~~~~d e p t h  c i l  the  grrmt  log is 400 one.  l’he s l igh t  t - - - - -snd ew mm lb re cc ipiemre ’s - c is e - eioms ~ eb 1ev r e c c m g h m i t ’se ‘ -

in the p m e l c b  N — r ; ev  mask ab~ orhe r I c , m t t e r n ,
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l- ’ig, 111-17 , -~m higher magnification SESI
m -eemci’ogrnip h of the l ’\ l l d -\ s t ruc ture  shown
in  l- ’ig .  1 1 1 — 1 6 .

0 600 4

I
.

1-’eg. I l l — I s , S b- \1 mk- n -o grni ph of a 320 onm

( 3 2 0 0 \ )  period g r a t i n g  of l’\l\l -\ on an
amorphom.ns S i t ) , substrate exposed um eing -

the C u j  X - r r m y ,  The g r a t i n g  dep th  is 
-

900 nm 2 . The slight Cur v a ture  of the
1’1,l~m1 A slabs is  a result of charging dur-
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Fig. 111-20 . S~EM niicrograph of mm 320 nm
(32 00 - \ ‘) period grat ing of I ’ M M A  on an
amorphorns Sj ( ) ,  subs t ra te  exposed using
the 

~
‘k ( 4 4 , 14 A l  X - re iy ,  The sidewall

n’otnghne ss is a f a i t h fu l reproduction of
the n-cask ed ge n’oug hness.

A l l  of the exposures shown were don-n e on 5 0 0 - n m - t h i c k  5n0 2 wh ich  dy n e t h e r m r m l l v  g ’ r m o o c - u o  one

snlicon weiit-rs. l’\l\IA was spun on to the ~ m O , as descr ibed in A ppendix ( . A p e e l v o n m i d e -  \ - r c m v

mask of the type sh omi ’ni in  Fig. 11 1—1 3 mm -ems used. The polvimide t h i cknes s  w e m s  0. ° pm cm n d t ime

gold e e b u - o i r b o e r ’  th i ckness  was 100 onm, The exposure conftgmnration showt in - n l e g ,  l l l - q  s y n c  oi,4 e ’el

where the source -t o-substrate dmst rm nce  was 5 cm and the power was 400 Vi . S w i t c h o m i g  of b it -

voltage applied between the mask and subs t ra te  was enmployed to m a i n t r m i n  m e i s k - s ul e s t r e i te  co ne-

tact. Exposure t ime under  these c o n d i t i o n s  was 75 m m .  The development rate ewhrc t e ‘Ik e ic ’ o e c ’ e t

slowl y with depth becainse of absorpt ion of the N r a v s t  averaged 3. 5 mine sec . b ) c - v e - l o e ~~c u o c m c t  W ee- c

monitored (iv observing the l ’ M M A  th i ckness  in a ful l y exposed merea ad jacent  t o e  l I e , ’  g i - a t e n g.

When the l ’ MM A  was completely removed in - n that  area , the development w e d s  t e ’ m u c c c u o m t m ’ c t

To observe the resinlting stm ’on -te mr -v- s in the Sb - ~M . l t n e ~ - n m u s t be coated o v o l t e  em 0 e c m i d l c m d t  mu g  f i lm
to prevent cha r g n nn g  by the electron beam. This was done by RI- ’ sl d c m t t , - r e i i g  of gold. I t  cm , -- c o i n e d

that the I d M M \  profiles could ea s i ly  he d is tor ted  by hea t ing  dur ing  the gold sput t er ing .  l e e  min-
imize  th i s  effect , the spu t t e r i ng  was  clone at a power of 20 W in 2 0- ee c  i m c t c - r v , m l s  Cd’ l e eT d t t’ eI t d \

5 -men ,  cooling intervals dur ing  which the entire sput ter ing sy s tem  was shut clown,
Note that the exposures clone w i t h  the (‘u 1 N cccv at 13 .3 A shown in b u g s .  I l l - I c c  ‘oc I I I -  I ’ m

are smoother than the exposure done with the N 1-n y cml 44 , 8  -\ . .-\ l thou gh di rect cn m p a r n s on
ms not valid because d i f fe ren t  masks were used , it appears that  the mask edge roughness has
been more f a i t h f u l l y reproduced by the carbon X ray becmmu s e  cci the shor te r  photoele c - t romi
range and highe r i n t r i n s i c  resolution. — \ l s o  observe that  the sidewalls  of the 1 -pm-deep  ex-
posure shown in Figs. 111- 18 and 111- 19 are smoother than the shallower exposures. ‘I h i e  me
probably due to the nncreased penumbral  b lurr ing in the deep exposure.

I) . E tch ing  of the Sur face -Re l i e f  S t ruc tu re

To de f ine  m m square-wave sur face- re l ie f  s t ruc ture  such e m s  i l lus t ra ted in I- ’ig ,  11-2( a) , a
d i rec t iona l  e tch ing  techn ique mus t  be used. (A queous chemical  etching techni ques mire eu - nt  ree l ed

in amorphous solids , thus  they are ent i re ly  unsu i tab le  for de f in ing  s t ruct cmres  with  ve r t ical  s ide-
walls. ) Spu t t e r  e tching 4 is a highly d i rec t ional  e tching technique which has been used extensivel y
in the fabr ica t ion  of integrated circui ts , in tegra ted  optics devices , and sur face-acous t ic -wave
devices. Nevertheless , ion-beam sput ter  etching was found tee  be inadequate for def in ing
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Fig. 111-21. Sl- M mic rograp hs showing (top) AZ- 13 50J photoresist pattern
on a s i l icon subs t ra te  pr ior  to ion-beam etching,  ( cen te r)  af ter  ion-beam
etch ing  to a depth of 130 nm , (bo t tom)  af ter  d i ssolu t ion  of photoresist  in a
solvent and plasma ash ing  in oxygen. Note that  the inner  surface  of the
redeposited m a t e r i a l  le f t  s tanding shows ripples identical  to those on the
sidewalls of the photoresist indicating that the redeposited material makes
a cast of the pho t oresns t .
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straight-walled surface-relief structures because of redeposition of sputtered material.33 To
- - , -  - - - - 36 , 37 3Fesolve th i s  problem in the case of Sm O ,, em new reactive sputter  etching technnque  was

developed in collaboration with Dr. Hans Lehmann of RCA Labora tor ies  in Z u r i c h , S w i t z e r l a n d .

The extraordinary capabilities of th is  technique have made SiO , the most advantageous maternal
for this research at the present time.

1. Ion-Beam Etching — Redeposition

\~ hen the research began , it was hoped that ion-beam etching would provide a general means

of de f in ing  square-wave profiles.  The in i t i a l  results of e tching of very fine linewidths were dis-
appoint ing so c-i stud y of the technique was init iated.  The results  of this st u dy  are d r a m a t i c a l l y
il lustrated by the series of micrographs shown in Fig. 111-21.

The Sl- ’cl micrographs show an AZ I3 SOJ photoresist pattern on a silicon substrate prior
to ton-beam etching,  af ter  ion-beam etching,  and af ter  removal of the photores ie t  by d i s so lu t ion
in acetone and plasma ashing in ox\-gen. Note that the s idewal l  r ipp le of the or iginal  photores is t
profi le  ( a t  has been replicated by the redeposited sput te red  ma te r i a l  I c ) .  The facet ing of the

( resis t  p rof i l e  observed in (b )  is a well-known ef fec t 4 caused toy the angular  variation of the sput-
ter  y ie ld .

The composi t ion o f  the redeposited mater ia l  is  not known . It m ccv consist en t i re ly  of re-
deposited substrate  matem ’ i c i l  eec it may be some mixture  of sput tered photores is t  amid subs t ra te
mater ia l .  In cmv case , s ign i f ican t  redeposit ion was observed wi th  e tching masks  of a l u m i n u m ,
AZ -1 3 5 0,I photoresist , and FMM. -\ a f t e r  e tching of such re la t ive ly  low s p u t t e r - r a t e  ma te r i a l s
as silicon and s i l i con  dioxide.  Redeposit ion was n-not ohe- ’~r’ ved on hig h - s p u t t e r - r a t e  n i r i t e r i a l s
such as gold . These obse n - vee t ione  were conf i rmed  by II. \V . ~~~~~~~~~~~~~~ and F, t lo er semi , 40

Scnbsequent l v , Lehmn ann modeled the sput ter  e tching process inc l i nd in g  the r e d e p c e e u t i o n  e f fec t . 39

Excellent  agreement  between the m odel rmnd e x p e r i m e n t s  hma s beer -n obtained.
Lehmann ’ s model predic ts  that  in e ffect  it will  be mmp cessib le  to obtain a square -wave

vert ical-walled s u r i c e e -e - re l ie f  s t r u c t u r e  in em l r s w - s p u t t e m - - r emte mre te r i a l  such as s i l icon d ioxide .
Obvious ly  em new techni que sve i s n eeded , i n the case of s i l icon cend s i l i c o n  dioxide t h i s  ti e -nv tech-
ni que has I o m ’ eoc ’ e~u i to he m’ c ’ ee c t  i s e  — i c o n  e tching.

2. Reac t ive- Ion  l - t c h i n g

- - - 36 , 37 - - - -H. 1,ehmann developed a r eac t i ve - eon -e t ch ing  b e c h m m m q u e  for se ln con  dnox ide  for the fab-
r ica t ion  of e m r ’ e m i g h t - w a ll e d - g r at i n g  s u r f a c e - r e l i e f  s t ruc tu re s  of 1 .4-pm period for use in Zero
o rder I ) e i i r c e c t  non color f i l t e r s .4 1 In col laborat ion w i t h  I)r.  1 ehmann , the process was trans-
ferred to M . I . T .  l incoln l aboratory. The t echn ique  was then  success fu l ly  applied to the e tch ing
of l inewid ths  as small  as 90 nm (Ref .  38) . The process does not su f f e r  redeposit ion problems
and the e tch ing  is highly d i rec t ional .  It is believed that the hi ghly di rected ions which  bombard
the surface  s t r o n g l y  enhance e t ch ing  of the bombarded subs t ra te  emrea  I-ny the ac t ive  species in
the RF’ p las ma.42 Research is under  way to de t e rmine  the mechanism of e t ch ing  which  at pre s-
ent is not fu l ly  understood.

E t c h in g  is performed in a conventional  RF spu t t e r ing  sy s t em shown in Fi g, 111-22 us ing

CF 4 or ( ‘h F 3 gas met a pressure of ~ io 2 Torr . The etch rate of Sn0 2 is ~ 2t  nm m m .  at a to ta l
RF input power of 4 0 W. t ’ n fo r tuna te ly ,  the e tching rate of !‘MMA is also ~ 25 n mi m ~m- oin .  l ’ M M - \

is therefore oemmsd eitable as an etching mask in the renm ctm -n- e-ion -etching process with CF4 and
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Fi g. 111-22. Schemat ic  d iagram of the apparatus used to do react ive-ion
etching.  It is a convent ional  RF sputtering system whe re (‘HF 3 or CF 4
gas is a subst i tuted for argon.
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F’ig. 111-23. Schematic of the sequence
of steps in the l i f t - o f f  process.
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3~ ro circumc,-’ent this problem , cm c h r o m i n c m u i  nia sk is fa br i c at e - c t  ( cv  t he  l n ft — e ofi l o r c e c c’ss .

(‘hromium functions cis em excellent etch  m m m s k  s i u u d t ’ i t s  ct -h rate is  <0. 0 r i m/ r u i n .

‘I’he l i f t - o f f  pr ocess4 used to i n m h r m c m m t e  e m c h r o m i cm m  e t c h - n m , m s k  from a I ’M \L\ gra t ing  re l ie f
str inct cnre is shown e c h e m z m t i c a l l v  in l og ,  I I I  — .~ 3. ( ‘h r o n m r u n u e  is c ’ s ’ e l o e c i ’ m t e ’ d t  0 t e e  a t h i c k n e s s  of
10 rim in most cases) onto the i ’\1M01 su rface re lme t  st r u c t u r e  seech tha t the c h r o n i m e n n i  , , t o n m s
a r r ive  at normal incidence. b ( e c , e o i s e  the I ’M M - \  s t r uc tu r e ’ s wmi l l s  mire parc i l le )  to the n n c o c m n n n g
a toms , a continuous chrome film is not formed on the w i l l s ,  The l ’ M \ l . -\ mi nd the n i t - t  m l  wh ich
has been evaporated upon it are sen bsc quent l v  removed by mmn m e r s n o m i  in n m n o n o c h i c c r n t e e i e z e n e
( ‘

f’
l1 5(’l . In the case of 320—nm—per iod  g r e e t i n g s , em i t  n ’ e m e e e n o u c  ag i t  n i t  i c e m i  m e  i m s e e e m l l v  u I e c - t ’se , m n ’v t o

completely remove the supe rf luous  metal .
I sing a 2 0 - n m - t h i c k  chronic e t ch -mask , a 3 2 0 - n m - p e r m i t  s t i r - t a  c e - n c ’  I c e ’! s t r u n c t c e r e  was

etched intec  S i t ) 2 t r s ing  ( ‘HF
3 

gas. The gas pressure was 1. 5 10 2 Torn’ , flo w ra te  of 15 eel
m m . , 40 Vi of R t -  power , for an etch t ime  of 10 m m .  SEM micrograp hs of the resul t ing  struc-
ture  are shown in I m p s .  111-24 and 111-25 . These s t ruc tu re s  are of counr ee somewhat  deepe r than
th~ s t ruc ture s used in overlayer  or ienta t ion  exper iments , but they do den i om is t  rate the remark-
able di rec t ional i t y and absence of redeposition cha rac te r i s t i c  of the r eac t ive- ion-e tch ing  process.

3. Final Cleaning

Following react ive- ion e tch ing ,  the ch romium etching mask is chemicall y removed us ing
an aqueous chromium etch (( ‘ eric Ammonium Ni t ra te , perchlor ic  acid , and water , 164.5 g,
43 ml , and 1000 ml , respect ivel y )  - and the substrate  is given a thoroug h r inse in water.  At
this  point , i t  has been observed that the suh s t rmite s  do not m vet un i fo rml y in water  i n d i c a t i n g
some surface contaminat ion.  Researchers have found that a thin laye r of carbon can be deposited

* This is ec en it ’t i m e s  desmgnated  Kodak Chrome Etch.
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l- ’ e g ,  111— 2-I, ( b e e s  S I - \i mi c r o gr c m p h -c h o w - c  cm 320 rem (3200  \ 0
sur fcmce m ’eli ef structure in amorphous 5i02. The structure was
t : m t c r i c _ m t e d l  by r e m i t c c c  — i o n  m ! t c h i n i p  w i th  ( ‘ l IE 3 gem s t l im’ c r u g h  em 2 0 — r i m —
t t i i ck  chn’omium ni~m e k, The c h r on uj u m  me msk  ev es fahr i  cnmte d  con the
scnb st rm i t e  Icy l i f t — o f f  u s ing  the l ’\ l ’o I \  s t r u c t e n r e  shown in h” ig. 1 1 1—16 .

Fig. 111-25 . Hig her m a g n i f i c a t i o n  Sb -~M micrograph of the amorphous
Si02 surface-relief structure shown in Fig. 111-24.
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on a s e m i c s t r e m t e  d u r in g  r eac t ive -m ud e tching w i t h  ( 11l’ 3 Ref.  4 2  e , To i , -n u c v e  . i n i - n  c a m l e e e u o  or er-

ganic - e c n e t . m m m e m n - n , n t i c e n i , the- e o m b e s t r , m t c s  w er e  su l c t e d t e d  to I \ — m  )zone c l e - e m i e n g , 4 3  ‘f l ee -  e m t m c p I e ~ W e ’ r e ’

I ’ l ,mced a j p r o xn  m i e n m t ~’ lv 2 mile fn’on i em q l e i n - I ?  I ‘cv - i r a- e sure me n c - u m s  l m n u e l c 44 in cm t m o s l  - t i c - r e  for

30 r u in .  I bc cicoibine d ac t ion  e l f e d z m c m m c ’  m i d  c e l t r m v i o l e ’ t  l m p h t  is kn e wn  I c e  l e e ’ c - : : c - e t n v e  in ti e ’ r e —
n m u m c v e i l  ‘ I f  c - c  n ’ ( c , m n e  m d  ‘ ‘ m ’p m n n e - res i d o e m ’ s .  l- ’m c l l owing I i i  t n - e m t m e n t , sub et  I — : m t e - s were f i c o n i o t  - 0  ccc l

t e r r e  t c e m ’ m u c l v  c u i o f ~ c e m t  nn g .1 ,- l e m n  unc i ,t i t em r n n m n a t e d  “ m (  I , - m i m e - m o -c ’ ,

I- ; , m h a m - m c t e - r - e , e f n c e n  of ‘- ‘- e n - t e m c e ’ — I ( e l i e f  a t  n - I n c t u n e - s

l’he i t e e l i t v  I c ’  , e b e e - , e ’ n ’c e  and c h e i n ’ m e ’ te r n ze  s u rt e m e — e ’ — r e h i e !  ~c !  n u m ’t eez’ es tei_’ f , c j ’ t ’  m o d  e t ’ m ’ r  ! m t e n i m ,m —

lio n is c c l  p m t ’ , m t  i f l l ( e c i I ’ t m & n C e .  St e t h e c e i t  p n - c c i e e  knowledge of the u - c - s a l t s  e t a  I -  r e d ’ ’  ( I e m ’ m -  ( m r e - o - m ’ s s

devel opr icent  and in~pr ou ’ememn t are ye’ cv t i  f f i cu l t .
l ’ ei r  ob Se’ u - N - - I t o c O —  w h e r e -  I c - s e e l c n t  n e c n  of > 10 ri me is r equ i red , Se ’. m n n m i n g  b - leet ro n M i e n  osco~ uv is

m m b c’c h I e : i t c -  I d m - , m w ( c ,mc -k  o n the Sb - \1 ns the uie -e’ o.si t v e e l  o - e e e l  m mo p m - ne in c e cnc l ie c t ing  n m m n p lc ’ w i t h  m e t a l
cm (i nc - h c .nn . e m r  c c i ’  c e b o s cur e ’  det a i l  . -‘i.nother difficult -n’ is Ui ol c ’ I t ’ c t r o n  d i f f m e i e ’ t i -  I T (‘ c l U b ’ ’ b c  cbotee

cml the S b : \ I  l e e  tc ’ t m _’r ’ rni i ne the c n ’ v - c t u l l n n i r t v  c c i  ci sa i i iplc - .
Tee ‘( ‘t i m h eghe r  n ’ e s c e l e e t i o n , perfo rni s e l e c t e d — e m r e n m  e l m  t i m i d  i e o u s  - - m n u o l  n i v e e n e t  ‘ In ’ ’ ri , - ’ -  e m m v

of coat ing samp les . c c c n i v e n t i e e m e e i l  l r a n — c m u o i — ,s ion t l e c t r o n  \ I i c n ’o m s c - e d l o v  o ’I I - : \ l  0 - e n ’  Sc m i u l m m m o C  l n - ,m n s —

m i s — c o m m  Electron \ I i e - u ’ e e _ c - e d l e s- H I  (- I I )  u r I c — c t l e e ’  u s e — c t .  I he ’ n i c e ’ ‘ mm , ’ p n m v s  e o n -  t he e im~
or’ ceve - —

om e n t  s oven ’ SI  ‘ml i- c be e ! the s a m p l e s  m cr -c t be vem’v t h n n  ) ‘  200 nm h e o  k for - e ( ) , o end of e n n , m I  I

d ian ie te r  - I r n t ’o .

Sample  t h i n n m n ~ ) e i ’ i e e  r t e e  e c ( i e c ’ n - ’ ,- e e !  ion b c~- TE\1  or a I [ \ I  is clone u s m n e  t h e  ‘ c ’ c - t u u n i q : o e — ‘ i c ’ , e l -

oped f o r  the , i t e n - m c ’ : e t i o e u i  of Si — Sd)
2 N — n - m v  mas ks ,  1-c d c—c e c o t o c ’ o I  in -n A ppendex S a f elni c o t

Sn 3 \ 4 a p p r o x i m u i e m n e - l v  100 nfl -n t b u  m ’k em nd Si(  1 , m l e l i n o x i m n m t e l v  100 rim t h i c k  is  p n - e ’wn men ci  
. 1 00~

sn i n i - ic n  w a t e n - , e m r :m m In i of , m l e ! e n e e x e m u i n m t e l v  200 rim of S e t ) , a lo ne is p n - e o w u n ,  S e i i r ! : o e e - — m e - I r e !

St rur t  o re is then  fabr icm e tecb  in the Se( I , f i l m. Whe n n tw- et ruc te m t ’e  is comp lel ed or , c t t e r  ( i n  eec  em —

lay er deposi t ion e x( e e -m ’n n i en t , th e i r n d e r l s i n i p  s i l e c e e n  is e tched  e i w , e v , lie- s i l ico n s o i l e ~~’ m i l e  m e

placed en em special h e c l u t e r  se-c -\ le le e nd ix  -‘ I wh i ch  protects  the  so n - f c c - c  — c -  n e - f  s t r o m o - t u r e ,  I h e

s i l i co n is n m n r  e e !  n - e p i c - i l l s  etched through em mask  p a t t e rn on the hack of the s i l i con  e e s u n g  em solo-
r e d o  o f b - m h v l e n u e ’  I ) i am i n e  l’ v r ocate c , - t m c t  in  cv eeter . 45 The m m m s k  e e l  cr 10 e o m u  t he  hnm c k ol the  s e l r c c e n m

d e f e n c e s  sn -n a i l  sqummre in -ames  wh ich  s l e l o l e e  e n ’ !  t h e  t h i n  2 0 0 — n m  — t h i c k  n c e r n l - u - e m u o e - ,

A f t e r  t h i n m - n e m - n g ,  th e s e m m u i l o l e s  can l e e ’  v c e v c e l  u b i n ’ c - t l v  (cv e i t h e r  Fl  M o e m -  S I  b- ’mI , l b  ‘cl mic ro—

graphs  c c f  an S d d , structure similar to that shown in the Sb - \1 u o I i m - r o o p n ’ . e ( e t i ~. of l” igs. 111-24 mend

111-25 are shown in l ip . I11 -2~c , (n i r e f u l  m e emsur en i en t  c d i  these ’ mmnd ‘ethe r  T [ \i  r n i c r c o p r e m phs in-

dicates  that  the sidewalls  of square-wave s u r t e m m -e- r e l e e t  s t r u c t u r e s  f e m l o r i c a t e d  u s i n e i z  recmctive-

ion e tching d eviate - 10 deg f m - c e r n  v e r l i c - n m l  em nd the m’ c m e l i r  of c o e n ’ v e m ! c e re c c i  the top edge end groove
corners eere less than S r im.

I” , Conclusion

New X-rc iv  l i thograp hic and react ive- ion e t c h i n g  techni qunes have been developed. These

techni ques have been applied to the fabr ica t ion  cef  160 -nn i - l i newid th  square- ’m vnmve  g r a t i n g s  in

Si02 for use in overlayer orientat ion exper iments .  Improvement s  in the q u a l i t y  of the gold
absorber pa t t e rn  of X - r m m y  masks , improved l i f t - o f f  techn iques , and a b e t t e r u nde r sta n di ng of

reactive-ion e t c h e n g  should lead to f enr ther  improvement  in the smoothness  of the sidewm il l s  and
sharpness of the edge s of square-wave gra t ings .  The techni ques themselves  mire qu i t e  general
and can be used for the f a b r i c a t i o n  of a wide var ie ty  of s t r mm c t u r e s  with submicrometer  d imens ions .
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b - i c .  1 1 1-2cc , Tb - \l r n m c r o g r a p h s  are shown of a 120-nm-per iod
S 0 — o c n o  — deep s c ( I m , i r c ’ — w a c - e  sun ’ ’ , e , - e ’ —  m ’e l nef  et  n ’u m c t u r e  in amor-
phous S m O , , I h e  I e p ( o c r  m i c r o g r e ip h was t mmken w i t h  the s i m p le
t i l t e d  0 w i t h  respe ct I c c  the e lec t ron  beam. The lower micro-
p r m p h  e vem s  t emke n w i t h  the sample t i l ted 12 w i th  respect to the
elect ron teeam. ( t i c’ oiagn i Ii c ’ cmt m m  is 1 50 kX.
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[V . o R I E N TA T I O N  OF LIQUID C RY S T A I . S BY A R TI F I C I A l .
SU R F A C E  R E lI E F  S T RI C TU R E S

A. Int roduct ion

As explained in Section 11-E , l iquid  cm’ s- d ai s are a par t i cu la r ly  convenient  mate r ia l  to use

to test the concept of or ienta t ion  of anisotrop ic os-erlay er m a t e r i a l s  1-nv sur face- re l ie f  s t ruc tu res .

The in ter fac ia l  tensions of l iqu i d  c ry s ta l s  arc highly anisotropic, their ormeotation is easily

measured by optical tecten iques , and an equil ibrium configuration is easily achieved because of

the hi gh mobi l i ty  of the molecules in the l iqu id  c ry s t a l .  li - n th is  sect ion , tile proper t ies  of the

nemat ic  and smectic A phases of l iquid c ry s ta l s  are discussed , a proposed mechanism of

l iqu id-crys ta l  o r i en ta t ion  by an a r t i f i c i a l  surface- relief st ruc tu re  is presented , and deta i ls  are

given of an exper imen ta l  demonst ra t ion  of un i form “single c ry s t a l ”  or ienta t ion  of n em at i c  and

smect ic  A l iquid cry s ta l s  by square—wave sot-face- rel ief  g r at i n g s  in amorphous SiO ,.

B. Properties of l iqu id  Crysta ls

Cer ta in  phases of some orgainic  mater ia ls  whose molecules are elongated have mechanical

propert ies  and sy m m e t r y  proper t ies  wh ich  are in t e rmed ia t e  between those of a l iquid  and those

of a solid cn’vstal.
5 For this reason , sun -n ma te r ia l s  are often called l iquid crystals .  The more

proper name is mesomorphic phases (mesomorphic  meaning of i n t e r m e d i a t e  fo rm) .  The mole-

cules of a convent ional  isotrop ic l iquid  are both p osi t iona ily  and or ien ta t iona l ly  disordered ,

whi le  in a crystal the molecules are located and oriented on a th ree -d imens iona l  lat t ice.  Two

of the possible mesophases which  ar e  of i n t e r c ’el here are:

( 1) N e-ma f i c  pha ses , where c e r t a i n  organic l iquids  show a l o w - t e m p e r a t u r e

phase where  the elongated molecules  are aligned p re fe ren t i a l ly  along

one d i rec t ion .  They are posit ionally d isordered , hut or ienta t ional ly

ordered.  At hi gher te ’ n r p c - r a b c m n ’ e - s , t b u e v  undergo a t rans i t ion  to a con-

vent ional  isotrop i c liq u id ph ee - oc .

(2 )  Sm er t ic  ph aso ’s , obtained }cv imposing pos i t ional  order in one d i rec t ion

only. Such a system is s imply a Se ’t of two-d imens iona l  l iquid  layers

o sta -ked on each other  w i m l i  a w e l l - d e f i n e d  spac ing .  If t i -ne molecules  are

or ien ted  normal  to the l ay e r s , w i t h i n e a c h I e m v c ’ u ’ , i t  i s k now n as a

sm e c t i c  A phas e - .

Figure  P,’ - l  i l l u s t r a t e s  sc h e m a t i c a l ly  l i n e -  n e m a t i c  and smec t i c  A phases. Some l iqu id -

crystal  mater ia l s  e x h i b i t  a series of ph ase t r ans i t i ons  f rom u cco t rop ic , to nemat ic , to sm ec t ic ,

to c ry s t a l l i n e  as the t empera tu re  is lower -cl .  The sequence is c lear  f rom Fig. R’- l .

T I -n m ’ local or ientat ion of both a n ema t i c  and sm e r t i r  A phase can be specif ied by a un it  vector

n wh ich  is parallel to t i-ne average d i r e - c t  ion of t b u c - e longated molecules .  Since both the smect ic

A and n e m a t i c  phases are opt ical ly  uniaxia l , the local op t ic ’ axis wi l l  also correspond to

The term s opt ic  axis axed director  are thus i n t e r c hangeable.

The polar plot of the in te r fa c ia l  tension -c d i ) of an in t e r face  be tween  a nemat ic  or smectic  A

phase and a nonordered phase i - i l l  hc a smooth non sp her ica l  su r face  as described in Section 11-3.

Since the fun c t ion  ‘y(n ) is cy l i ’-d r i ca l ly  s y m m e t ri c , the c ’n t i r r ’  plot can be represented as a

two—dimensional  curve. The in ter facial  t ens ion  of in teres t  here wi l l  be tha t  of the spec i f ic

l iqu id  crystals ‘m IRBA and M-24.  (See Appendix I )  for p roper t ies  of these m a t e r i a l s .)  The
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i s o t r o p i c , n e - n a t i  e ’ , d r U m ’ - t i e  -1 , and e n ’ v e t a l —  e n - j , - I l t e m l i c , u s of a i c - n n c a t i c  (or sn i l e -ctic )
l i ne  phase of a l i q u i d  cr y s t a l  n e c i t - r i a l .  I i q u l u l  - n a t a l  con f ined hetwee c ,  smooth

‘o ,oy’a lIe -l e n  c - - u t  n ie ce .  In (un c - t i e - c- , the
( e - I l  m ’ I I e ’ d l m  of o in the  plaice ’ of t I l e  ~t1—
t e r c a c  c c c  w ill have no preferred c t i r e e -
‘ t e i  for ml smooth a n n o r p h o u s  r r a t e r i, , l .
In t h i s  e ni u - i e - , t i m e- c c e n f i n e d  l i q u i d  o r v s t a t
w i l l  I ’ ’ ’  e o o n u p o s e ’ o l  of smal l  randoni lv
o r ien ted  cbon i a ins  as shown in  t ine Iou ‘-r
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m ’ n t j n’e plot of ~- ( n )  is not available for  ‘d ice r m i o , e u e - u ’ i a t .  ( l c e w e - v e ’ n ’ . th e ’  e c n ’ j e ’ u d l c m b c e c i c  at w h i c h  t h e ’

rel i munl uni in t e r f a c i a l  tension oc curs  can be ’ elc ’ t e ’rnej oc-d 1ev e i l c s c ’i’y 00 e thm ’ e c n ’ i c ’ m e l a l  m e n  of a t h e n

slab of tb - nm ’  l i q cn id  c rys ta l  confined t ee ’lw t ’e-r n two i d e r n t i e ’al in ’ e - r i e c e  c - -c . ” t o  ‘]‘bre eq u i l i b r i u m  c c u ’ i e - u i t n e —

t ’non sv i l l  correspond to t o o - o r i e n t a t i o n  at s m - I - j o - I c  t he e ’  rem in u re tim -n i n t c r f a t -  lab t e - n s i c c n  occurs .  T h e

possible results  of such ci u n m e a s u r e m i e n i t  are sluow ni  in I c - . I’S’ - ,!.

For smoot h  clear glass or SiO , su r faces , i b l e o s t j l i v e d j L ’ a t e e r s  ~~‘ n - c - port  t ha t  t h e  m u u c i m u m

in t er f ac i a l  tension occurs w i t l c  n parallel t o o  I l i e ’  s u r f ac e  L I l a .  l’V — 2  (c - l i  ie c r ‘m l P R A  and ‘ m t — 2 4 .  By

coating an SiO , surface  w i t h  s a m ’ i e c u s  s i l a r e ’ compounds o o r  i - - c d t :  n ,~ i t  is possible t o e  o b t a i n

a surface with - n  ti -ne ri - ni  n i n ie n ni  i n t e r f a - i a l  t ens ion  at ( l ie  o m ’ i c - u l l  at  ( c c i i  sc,l e e me ml IS pm rp end i  ctn la  r t e e

the  surface  lFj ez . [ \ — 2 ( a ) I .  Otbu ’ n’ senrface t r e a t m e n t s  i nc lud ing  e - e r t a in  silani es 48 a nd c ’va por ’ated

carbon 5° ca n also p n ’ o ) e l l e c e  surfaces  cv i th  mU m i  m u m  m l  er fac ial te n s ion for ml pa ra l le l  to I t o e  - s e m i ’ —

face,  P is wor th  not i n g  ti - nat  Cn-eagh anti K u u c ’t : - ’ I l c m v e  e ’l ah nu e- d b lea t  ‘ m l I -~T~ -\ wi l l  e e i ’ u e r i t s m i t h  rm

pe rpend ie -u lam’  to a glass e e i r l ’ ao - c - i f  i t  is “ l l o e o u ’ e o o m o ’ I l l \  e - h - n i n i e - o l ”  w i t h  cb u r o n i i c  cc ’ c c l .  It appears

l ik ely ~n - n at  t t e  g l a s s  su r f a t -e l en s  b o o - c - u i  e T c - I c e d te e , ’  t i ee i  r “ - e c u  l i e ’ ‘~ s t e p  ann u l l i c e -  s u r f a c e  is  no ( c e n g e i ’

planar.  In an’,’ c cs- o d n t , i t  is w e ’ l l  e -e l n i l c l l s l l c ’c l  tbe a t tbu t - minimum im i t m - u-ieeo -ial lo’ ulseO n co t \ ilili -\ and

‘ml— 2-I occur’s for  n pa ra lle l  or’ v o n’ s n e a r  par ed l e t  t ee  a c o n v e n t i e  c t - n a i l  v clo - ano - o l  s u ~~: e c c o I h  ~ i (  1

- i i t ’ I C e c c ’ .

I-’oi’ m a u l s  e x p m ’ r ’ n n n m - n e t a l  per u’ 1 eoo s  o - ~ and h em’ C e c i l l e -  (-o nu l :  t t ’ e r a l l y  m n i i p c e r t a n t  i i o - n : : m t i c  I n q t n m d

c ry s t a l  d i sp l ay  , l e - s i c e - , t ’  i i  is o f t e n - n  e t o ’ s i m ’ a h l e  to  n e a i l i ’ n e c n i  e n n i I o r n i  a l i g n m ent  of I l l , - c l u  r e - c t e e m

n paral le l  to a substrate ’ s e cc i n ic e ’  in s c r u b -  -cpe ’c - i l l ed u h i  n e c  ‘ l e O f l .  In p r a c t i c e - , umi i f o t -i ~: l ’ e i i ’ e e l l c ’l

alignmeii I is rio t obtained l i e ’!SV c ’eui  p a n ’ m m l l c - l  c i l l u o c e t I l  a m l : c - l ’ p t l c ) c i - S  s u h e t n ’ ’ e l c ’  su u d a c - e - s  even t l d o t n n 1 b l

‘ l i e -  m i n i mu n e o n ~ c ’n ’ ’ n c c m a l  e - u i c -u ’ g v  occtnrs for’ o paral]c-I to I n , - -c u l e o - c ’ r : i I , - . Tll is i s  e -xp l a i t i e - o t  1ev

io i ’ i i c e’ tb at th ie  i i i t e - i ’ f a , -ia l  t e -u ms ion  iS  I Ce ) !  l’ e e p l c f o r  s c m  u ’ l n i l u c  c u d  ccl I t em ’ di ‘c c ’ n e ’ ( m m  t u e  — cu ib estraic-

p lane , theus I l l , - e - e i e r i l i b r i u m  o r i e n t a t i i e n  in n t h e  plane is c u e I ’ - t e ’ r t i :  u ce o ’ ’ - , nem u n i  ‘, e ’i ’s s m a l l  n ’ a n e b e e i l b

p e r t n r r b e a t i o c t c ’ c  can e ’an x sm l I n e - o m ’ i e n t a t i e o m i  of t h e  cl i  n’ c- c t e e m ’  1 c c  sm - an elem’ in  t I m e  p l a n e - e e l  t h e  c u t e s t  i _ c ’ ’

c e V c ’ i ’  a n u l n m o - r c e s o c c l o i c  c : o n n n p l o - , Samples of I b l a n c 0 i c  l i q e n i d  c r c , n ta l  c e c u l l o n i e d  l e c ’ t w e ’ , - ! l  c m l l o c c c ! t ’  g l a s s

ore - e i n u : c e n ’ p l o c c m s  SiO , sc c n ’f ccc e s where’ In , - in tm ’rfacmal I c ’ u u s i o m  i s  a n u n i m l i n i e m n i  for n pa rall el c c  t h e ’

su m t e s t r a t e  i c - n o t  c o  l e e ’  tre acle enp of n - c - g l e e n l - -c \ V I l c ’ r e -  F m c - a n — i -s  0 - l I c e ,  I v  (on ‘ t o e -  ordet ’ c c i  a r i i k ’ u e o i n e I e ’ u

in d i a m e t e r )  ~,‘l o a r : e t e ’ ol  by  d i s c l i m i a t i e e n s  
b 

( s e , ~ I I : - . I \ — .’ 1 , S n n e - c l i c  A l i q e n i d  c n ’v s l a l c  c c e b O O l t l e Ol

in m I n i -  s a u c e - c a n t e e n ’ ee l s ’ t e n d  to  ‘c o n n i e  d o m a i n s  on ’ g r a i n s  of n l i cu ’eu n ‘ t o - u  e r m ’ e ’ ~c e - p n m u c e t e - e I  in t t u i s
— 

- ‘ - - - S
c a s e ’  b e s  b , e t t : dn s l o r a t n e en s  and e l n s e I n n a t c o o u c ’ .

I ’ ha s been c l - m e - u-mined ‘-n n p i - I - - O I l y tb -nat unifom’ni parallel align -nm -mu’ of n e n n a t r o - s and - c n : c c - t l c s

- cm i he i n d t n e ’’ o t  be e , ’  , n u e p l o v i n g  d l I i ’
~~cic - s e,vhich arc aldosco! epI c in the I c i c l e ’. Suc cessful c ) u ’ l o ’ u i l a i f l n

has t e e , -  vu oeto ’nm n c u , - e t  cmi c i , i l O i ’ s i l u L ’ I e  cry s t a l  e i m m . l n m e cs
ce ,_ 

( i . - ., ( l et i ’o, - ) c e I n i \ v  of liquid ci-s ’st ale t

and en -~ i o u t e e  ~-h i c h  have ( c c c i i  im n i dbr ec -licc nmm l( v rtrhl -ne ’cI ovi tbu ~
o , e l e -n’ , , - c e ’ t e c u i ~ rouge , leat h er’ ,

d i a m o nd  - , e  - -
‘ - . m l ,  . 

‘ A l i g n m ent  t ias  also been ob ta i  ned on S i ( )  s um m i n c e - s  evapora ted  at a

C d l l e aue d ’ l ’ - -
‘ and ‘ ‘ m m  - o c i r m a c e ’ s  w e e l  - l b  have  been u n i d i r e c t i o n a l l y  pu l led  fn’om ii v a r i o m n s  so lu—

‘ l o In - : .55 l ie  a l l  0 - ac e - - c , t I c ’  l i q t n i d — c - r v s t a l  al i g n m e n t  e b i m ’ e ’ c t e o n  - c ei u eci d e’s w i t b l  tb - ne  t b r r e e - t l e e u u of

r n n i c l e i n g ,  l o l l  I I : , - m e c e i ’ i ’ i -  ‘ m c , c rystal  an i so t rop y , c ’t e ’.

V ce m i c e o c s  t i : e c , t , ’ I  -- ( S , c o , ~ bra ve h e -en proposed t e e  e x p l a i n  t h e  obse r ve -e l  al i e~n mli e mi t  i n  t he
Sc

e ces c ’ of rubbing m U c h  , c - : e l c e e r e d t i o e n  of SiO , . T b-ne mo s t  g e - m i - r a l l y  a c c ep ted  model is f l , -r r e m a n ’ s

which maintains t h a t  sur face— n e ’ l  icf st rencture s p r o d m m c c ’ eb on t h e  sie l  e e l  r a t e  hv  I I n c  - m ’en b h i  ng and

ev a p o r a t i o n  I e r 0 0 0 c - s s e ’s lead to am-n anisotropV in time i i i l c - r l a c c e m l  t e nsie in  for van e-n t c o i n-c of t he  e l i —

r -e ’tor in I l l , -  plane s i r e - l i  tb - na t  I t o , ’  n i in i n ’n U m i l  tot al fm ’ e e-  e - c u c ’ n ’gs’ c o n f i g u r a t i o n  ct - c u r s  wi l l - n  t h e  di-

n - c-c  m i - n m  paral le l  tee the  rubbing  or c ’v :m l o c c r : e I  I cen  0 f l n ’ c -e l io n. 1)1 n c c t  c o r r e l a t i o n  of ou urf ae ’c ’  sI r en c-turm ’
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w i t h  c c m ’ i e ’ n t c m t i c ’ n c  b i a s  been d i f f i e t n l t  l e e - o ce lmo-c e-  of i m n m - c - u - t m e i n b i e s  i n  thee preparation of th e e ’ surface’s

and I li e ’ o I l  f f h  cul t v cif e c t ee ’ m ’s’ i ng th i e  see  i ’ l a ” c-  ,~~ \c ccc tb -nat we l l— c - nc r - n t  r’ol l i d  s u r f a c e — r e l i e f  st r tn m - t  u res

on -n amon’p hou-s st i l e  51 ra tes cann h o e ’ pn’epa red tie i ng t h e e  t t ’ch n n i q u e s  t h e - s e -  r i h e d  i n Sect ion I I I , a di rec t

t m ’ s t  of t h e ’  theom’ s - of l i q e n i d — e - m ’ v s t a l  o r i e n t a l  ion -n t v  s u e m ’ f c m c - ,- — r e l ie f  St r u c t u r e s  IS pos s ib l e - .

C , The ~~c ’ r c e ’ m - a i i c ~c ’ eb l c b l c - t l n m c i a l  Tension of a I iqu i d
( ‘ n ’ v s t n ml amid a Scnrf a e ’e—it eh ie ’f  S t r u c t u r e

If thee  i l u t e , i ’ I ’neo e’ b ee ’t u- e ’ e ’n me liq u i d  cu’s - s l a b  and a e m n l o s l m ’ c e l c -  is not p lanar but is e t m - - c - n - i b e e - i b  he r

t I c, ’ I e , - r j e e c l i c  i e i u t c m i o u i  1k , v (  tb m e gc -n i e n ’a l i z e d  i n t e r f a c i a l  t c - i u s i o m c  eT , lii i as defined in  Se-cl ccii I l—C
t r i l l  tr ot h e ’  i i -o c ot t ’ op i c  in  t I l e ’ e t e l e s l  r a t e -  I e h e r e i e - . li - n 2 , - r i m - n e i l , t i r e  in i t e r facia l  t ens ion  or

1 l e e ) w i l l  now
Ice ’ o l , s , - r j l e e ’ nI  le e,’ a polar plot c , c - Iu io -h st ill Ice - a s u r f a - m ’ c v l e i n i i  is not c y l i n d r i c a l l y  s y m u o m n e e - t u - i c

I r n e i c l o t  i n to t h e ’  l c e m ’ i : n  i l’ el
f 

I n )  for are inter-fat e’ ele ’so ndlo, ’cl by l(x, ‘,-( c-an hoe gained I c e ,-  con—
sio h e n’ing t i - ne  i m i t e ’ m ’ f m e e ,’s i l l u s t n ’ a t -d in i V i g  I V —  t . \o l , -  t h a t  t h e  l i q u i d  o -t-s- stal b -an  he o h j s t o o n ’ t e ’o( in
t I n e  i m n l e ’ c ’ l c i e e ’ n’ e ’ g d o c r i  as in V ig s .  l V — t ( a )  and IV— b~~ c ) .  A s s o c c - e m t , - o l  w i t h  t h i s  d i s t c e r t i o n  is a d isl e em’ —

l i o n  In- c -c— e ’ u i c ’m ’g\ ’  I- ~~~. I n n e , i u m e e l . t t o e -  b o c ’ nm l i n i l e r f a c i a l  t e ’ n s j o o n  c c i l l  o c e n e i s t  of a “ phys mo ch e n i i ca l

par’’ ,’ - l e ’ ’ e ’ I ’ l l o j u i , c t  ( us’  I t o , ’  i n t t ’ r ’ f a - i a l  t e ’ u e s i o c u m  of t h e ’ liquid c i ’v slnih at the  l i q u i d  c- r ’v s t a l — , ou b s t r a t e
o h i s c ’ , o n u i u u n t v , c m t i c u  ci o h i s t o e i ’ t i o n — f n ’ c ’ e ’  - n c - n - n ’s- pa r t  c t , - l c - r r i n n e c l  h e y  b I l e ’  e x c e s s  f ree  e - m i c - n -gc ’  r e s u l t i n g

_ _  
-
~ _ _

-i  

_ _ _

Fig. I’m ’ — t . Cc l c c ’ i u i a h ic  i l l u s t r a t i on  of possihile
- . e - o n f i g u r at i o n s  of a nemat ic  l i qu id  c r y s t a l  at

° - 
- 

- ~~~ a s q e n a r e - — w a v e ’ g r a t i n g  i n t e r f a c e .  Ttoe d i r e r —

~~~~~~~ tor  is  c i l e g c - u i t  to t ime curves d r a w n  e m l o t e v e  - th-
- - j  - - I . - in t e r f a c e -s . (a)  (‘on f igura t ion  for n~ perpen—

e t l i - e n l a r  a t  -
‘ T I - < , s-h. (3,) Configuration for

vi t a r mg e ’n t  to z 1k , v t  and perpendicular to
ti -n e y or o n - eon s - c -  c l i m e ’ cl m u .  ( c )  Confi guration
fo r d” la ng e-nt to 7 - l (x , y l and parallel  to

- 
t u e  I~n’Oos- e di r’ ect ion. (ii ) Conf igu ra t ion  where
n n o , C t  r s  st h i o  r m pm rpem id ic  u l a r  to t i -ne ‘- — s

- • .‘ • - ‘ :‘- plane.
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l’n ’oni the surface i’ m - l i  ,‘f u-mtr tncture i n d e n o - c ’et  d is to n - i  i c e m , The c e t c - n ( i n t , ’r fa c - ia l  t e n s h o m i  cm ’i h l  i t c u e s  l ee ’

~ i s  ,‘n i  ho c,’

y~~ (~
‘,(x , ‘e’, z )  oc h cS + \ Fd (x , y , z )  dv

li x , ’)  In te r face  region

where n--n specifies the or ienta t ion  jus t  c e e m t s i d e  thee -  i n t e r face  n ’ c - t ’ion , and n , ( x , y , z )  gives tIc , ’ local

di rector .
The d is tort  j o t - n — f r e e c-n t ’ m’e1 v for  a ne-math - l i qu id  c ’r s ’sl  al can he w r i t t e n  in g e - c i c ’r~m h  as

F 1 1/2 l-~(d iv n Y  + t c K~~(n . curl  n~r

+ 1/2 K 3 (n \ curl  n e r  (r\ ’ — Z )

where 1-h ,  i-c ,, and b a re-  l Y e ’ sp lay , t w i e l , and bend e l a s t i c -  c o c e ’ f f i c I e ’ n e t s ,  A s s u m i n g  tb -nat the

im -n t erp l anar  spa c in i oc ’  remains  c o n s t a i c t , t ime  d i s t o r t i o n — f r e e ’ e ’ne-r ’gv f or a i l  c ’c t i c  A phase is gi s- c -n i

by

Fds = 1 ‘2 
~~~~ 

(d i v  nr  . i rs- - I )

Both t i-ne bend and t e ,v is t  dis leirt icim i are f o r b i d d e n  in the s n -n e c - t i c  -S so t I l t - s c ’  t e rms  are ab -nse n t .

E v i c l i - n t l v , ti-ne m i n i m u m -n i  i n t - r f a c i a l  tension a’~~, ( n )  wi l l  he’  ob ita io c- d  if t i - ne  d i r ec to r  orienta-

tion is constant  in t h u ,  i n t e r f a c e  r egion making  I ’
~ 0 and , f ‘h - , n .( ’-c , v , z) dA is a minin i tnm.

This wil l  b-ne th ie case for’ both nem a t i c s  l(x , y)  an-r d smec t i cs  A on a square-wave g r a t i n g  such

as shown in h - i c .  I’S’ — ) ( c ( , w h u e n  -y 1 ( m )  is  a n i i n i m n u r n -n for ri parallel to ci smooth surface of th ie
g r a t i n g  nea te r ia l .  If ti -ne m i n i m um of -f 1 ( n )  should 0cc-un at son-n e orie ci m -etation ot} er th an parallel ,
then the orientation at w )m3 c l i  zninirnun r e a1

(~
” ) occurs  will he de termined by the compet i t ion  Fee-

twe e- n i  the d i s to r t ion - f r ee  enc -r gv  te rn - n  and tb -ne ptnys ioc b enuca l  i n t e r f a c i a l  tens ion -n  term . TI ns

will  also be the cas t -  if t I n , ’  surface — n - n - l i e - i  s t r u c t u r e  va r i e s  in both N and V d i rec t ions  since
there u -i l l  be no or ien ta t ion  where t h e  d i s to r t i on - f r ee  energy tern -n v a n i s ( l e s .

I) . The Or i en t a t i on  of I iqu i  ub C ms -eta Is  i cy Square - — \ V av e  G r a t i n g s
on Amorphous S i t ) , Substrates — F x p e r i m m - n t

Several l iqu id -c ry s ta l  alignment exper iments  \c- e ’rm ’  clone in t Im fol lowing manner.  Square-
wave grat ing s t ruc tures  were fabn ira ted  on an i o cpb uce us .Si02 substrates cnsing tb -ne techniques

described in Section III.  ,-\ “ san d w i c h ” e’o n s i e t i n o ’ of t v - c-n substra tes  wi th  su r f ace—re l i e f  grat ing

structur es orien ted parallel to one anotbier , spa c - n ’ s , and l iqu id  crystal  was then assembled

as shown in 1- i c ! .  IV - -1 , The o r i en t a t i on  of t i -ne l i qu id -c ry s t a l  layer was measured by observing

the sandwich in t ransmit ted  l i g h t  b e e t w e - e n  cross -cl  po la r ize rs  in an optical microscope. U n i f o r m

alignment was observed as pm c ’ o iict m -ol In t i - ne  cu re ’ .~~n of the g ra t ing  grooves for 51-24 in both

the nemat ic  and smec t i r  oS phases.  The Sam e -esult  was obtained for tb -ne nemat ic  phase of
SIB BA.

1. Th e Gra t ing  S t r c n c t m n m m - s

Two substrates  wer e ’  prepared wi th  g r a t i n g  su r face—re l i e f  s tr u - t u r e s  us ing  ident ical  pro-

cedures.  Optical l y polished fu sed -qua r t z  substrat es 59 (amorphous 510z~ 
3 .75 cm in diameter

ann-I 1 .5 mm thick were u s e - o h .  A 320-nm-per iod  grat ing,  1 .~~S en -n i square , was exposed in 300 nm
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l-’hg. I ’S - -I . -S s ch e -n i i a t i c  cross section and top vi ’ -w are shown
of t he  “ s a n d w i ch ” a s s e ’n n b c l s ’  used to inves t iga te  su r f ace - r e l i e f
st ruc t cnre  o r i e n t a t i o n  e ’ f f e ’ c t s  in n e ’ma t i c  and s n-ne ct ic  -S l i q t n i d
c m’ v s t  mm I s .

of 1 ° \I \ I A  using Cu 1 X-ray  l i thography.  Fol lowing deve lopment  of the X - r a y  exposure , 10 nm
of chromium was l i f ted  off ,  Ti-ne subsecate was t h m e n re-ac t e v c - - ion etched in CI I F 3 gas to a depth
of 25 nm. Final ly ,  the ch r om i un  was chemica l ly  removed using an aqueous etch.  Prior to
thee f i r s t  alignm ent expe r imen t s , the only cleaning of l i -ne comp leted substrate  relief s t ruc ture
was a thorough rinse in d is t i l led  wa te r .  At  t i - nat  point , the surface  was not wet hr water m d i  c- at—
ing tb-ne presence of surface contamination. ‘Fl-ne nn ost like l y  -ontaminant appears to h-nave been

a carbon f i lm produced d u r i n g  r e - a c t i v e - i o n  e t c u u i n g . 42 A f t e r  the  f i r s t  a l i g n m e n t  e x p e r i m e n t s ,
the substrates were cleaned w i t h  organic solvents and s ere subjected to IV ozone cleaning.43

This cleaning procedure resulted in uniform ceetting of the scnb strates by w a t e r  i n d i c a t i n g  an

uncontaminated SiO , surface. However, no significant diffe rence was noticed between alignment

ex p e r i m e n t s  us ing  substrates  w h i c h  wet  and those ti -nat did not.

A l i g n m e n t  of MB RA i n  the  N e m a t i c  Phase

Two s u b s t r a t e s  were  assembled in a sandwich as shown in Fig. P~’ -4  us ing  50- 1, im-thick
Teflon spacers. To align the two grating s parallel to one another , ti-ne light diffracted by the

two g r a t i n g s  f rom an i n c i d e n t  c o l l i m a t e d  l i g h t  beam was observed whi l e  rota t ing the samples

44
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relative to one another. Near’ grating-groove parallelism, a n -no i re  pam-rn was e -eb e e e r v e - e . By

minimizing ti -ne number of fr inges in thee moire  pattern , the two grat ings w e - r e  aligned pa ’a l I e ’I

to wi th in  less than I mrad .
60 

The grating areas on the two substrates  did not ove r ( a p  c - n - a ’  t h y ;

because of this , the area between ti-ne two substrates was comprised of tbn ree  d i e t  c c c l  regions:

(a) A region outside the grat ing area of both substrates where sniooth

surfaces faced each oth er.

(b) Regions where a grating on eit her the top or bottom substra te  face ’s

a smooth subs t rate  area.

(c) A region where parallel gratings face one another.

1” o l l o sv i n g  assembly,  tb -n e en t i re  sancbw icb i  was heat ed on a hotplate to a temperature  ahoy , ’
the ne rna t i c—iso t rop ic t rans i t ion  of Sh ilBA.  MBTI A was then introduced between the substrates

i cy  capil lary act ion.  Tb-ne sandwich cc-as re mn ov ecb from the hot plate and allowed to cool rapidly

to roonn temperature .  Upo n t r an s i t ion  to tine n er n a t i c  pha se- , a large n u m be r  of defec ts  or

d isclina t ions
51 were observed in all regions of tb -n e s a nd w i c h .  Ti -n e d e n s i ty  of defects  began to

decrease innn’eediatelv. c’tf tc ’r about m O  se -c , ti-ne dens i ty  of d i sc l ina t ions  in region C was much

lower than in region A. Tb -ne dens i ty  of defects in r - eg ion B was  nnterniediate .

T b e  sandwich was observed in t r a n s m i ss i o n  in a microscope between crossed polar izers .

Tuie incident  l ight  a m -n - i c - e d  norn -na l  to the th in h i q u i e l — c m s ’stal las-er  an-nd tu ie  ent ire  sandwk-ii  could

be rotated in tb -ne plane of the lay -r ,

An aligned nemat ic  or smect ic  ,\ l iquid crystal beleceve’s as an o p t i c a l l y  un ia~ ial medi cnn i

with its optic axis parallel to the dire-tor n . T”rom the  i n d i c a t r i x  con is t ru c t io re ,
1 

one se c-s

that l i n e a r ly  polarized l ight  passing through a slab of un iax i al m e d i t m m  at nor m al inc idence  wi l l

remain  l inearly polarized for all frequencies an-n d slab, th i ckn , ’sse ’s on h y  if ti -ne d i rec t ion  of propa-

gation k the polarization direction I), and tb-ne opt i c  ax is a , ~ie i n t h e e  sam e plane, or if I )  is

in the d i rec t ion  of K ’<  n .  In other  words , a n o r m a l l y  inc iden t  l i nea r ly  polar ized  wave cc -i ll  re-

m a in  l inear ly  polarized if t b e inci d ent light is polarized para l le l  or perpendicular  to the projec-

tion of ti -ne di rection on the plane of t h e  slab. The t i s , hr observing the lighit transn-nitted through-n

a uniaxial slab between crossed polar izers  one can h e t e r m i n e  thee direction of tb-ne in-p lane

component of the d i r e c t o r  to wi th in  90 deg h is - f i n d i n g  tb -ne angular  o r i e n t a t i o n  of tb -ne slab r e l a t i ve

to the polarizers which results in a transmission null.

The in tens i ty  of thee l i g h t  passing t h ro ugh  t I n e ’  SIRFI A l i q u i d -c r y s t a l  s andwich  between crossed

polarizers was observed in regions A , B, and (‘ as tb -ne sandwich was rotated relative to the

polarizers.  Wi th in  region -5 , a complex pat tern of d i sc l ina t ions  was observed . A micrograph

of the typ e of pat tern observed is shown in Ho. IV- ~~. Tb-ne rapid variations in intensity indicate

essentially random orientation of t h e  n e m a b i e~ d i r ec to r  in ti-ne plane in this region. \Vithin re-

gion C’ , t ransmiss ion nulls \ver e  obtained when ti-ne i nc iden t  po lar iza t ion was precisely parallel

or perpendicular to tb -ne ’ grating d i r e c t i o n  to w i t h i n  th ie exper in ien ta l  error of + 0.25 deg. Thu s

evidence indicates  that  w i t h i n  region C the proj ect ion of tb -ne nemat ic  d i rec tor  was un i formly

aligned e i t h e r  parallel or perpendicular to th e grating groove direction. Uniform ali gnment

was observed in all areas of reg ion C. -St the border between regions A and (‘, the uniform

alignment of region C ab ruptl y ch anged to the random ali gnment of region A. In the intermediate

region 13 , alignment was not un lform ~ yet it was generally in ti-ne direction of the grating. Fur-

ther experiments were performed to determine more precisely ti-ne orientation of the director.

45

p

I
- - ‘-_—~~~~ *__. ‘~~

.-- - __,
~~~~ .•o— ’~~~~~~,-~_” -‘5, ~~~~~~ - - - ‘a’ ~~

-‘ - - -
~~~~~~~~

- -

~~ T J ~ZT~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



- Fi g. I’S’ - ~ . An optical micrograph is shown
- of a O-~~m - t h ic k  slab of \IRBA in the ne-

mat ic  phase c onf ined  hce tcv ee n  smooth amor-
phous substrates.  The slab is ohserc-ed

- , be tween  crossed polar izers .  Seve ral wedge
d h s i n c l in a t i on s  are v i s i b l e ’.

4-n C

The SIRBA in the sandwich was l i gh t ly  doped wi th - n  a (Iv , ’ whose elongated molecule is known to

orient parallel to tb-ne li quid-cr ystal director. It is also known tha t  t h i s  dye preferent ia l ly

absorbs light polarized parallel to tb-ne d~’e molecule ’s long axis. Wi th in  region C , the doped

‘SIT3BA w a s  found  to p r e f e r e n t i a l l y  absorb light polarized parallel to tb-ne cr oce\ -e  direction.  Thus ,

i t  cv as concluded th at tb -ne projection of the d i r ec to r  was de f in i t e l y  or iented parallel to the grooves.

To d e t e r m in e  c c - h e t b e r  the d i r e c t o r  was para l le l  t ue the plan -ne of thie substrates or ti l ted wi th  re-

e l- ne -u- I to the plane, the phase delay for a normally incident was-c was measured. Wi thin experi-

mental error’, the director was found to he parallel to the substrate plane. Because of the large

,nocertai utv of ± 15” assoc ia ted  w i t h  the measurement  t echn ique , i t  is possible that  there could
he a slight tilt of t he  director from the  plane.  Tb-n e analysis  presented  in Section IV -C predicts

tb -n e - observed orientation. This is seen Ic c- not in g tb -nat  o r ienta t ions  of the l iqu id  crystal  in the

sandwich cc-il l correspond to thee equil ib )n ’ iunrm o r i en ta t ion  de termined by ti -ne min imum free energy

c c u l i t ’ i g u u ’ a t i l c r l , The con t r ibu t ions  to t h e  free c ’ n c - r ’gv w i l l  inc lude  ti -n e i n t e r f a c i a l  free energies

assoc ia ted  w i t h  the grat ing st r u c t u n e s  and th I e ’ free energy of l I c e -  l i q u i d - c r y s t a l  layer  between

t l ce  o n - a t i r i C structum’es. As argued in  S e c t i o n  R’ -(’ , tb -ne m i n i m u m  i n t e r f a c i a l  f r ee  energy for

\IBBA on-i a square u t n ’ a t i n g  should occur for n parallel to the groove direction since th i s  mini-

mizes  both  t b , - “ phv s i ouclec ’n n i c a l ”  and d i s t o r t i o n  p a r t s  of t i -ne i n t e r f a c i a l  tens ion for \ IBBA .

-
. \ h i o im u n n  h r , -  e n e r gy  for t i - n e  bu lk  n e m a tj c  phase o h v i o u m s l v  occurs  for constant n - n . Thus, the

equ i l ib r ium or ien ta t ion  of SIBBA in region C of tb-ne sandwich sinould i o c I e ’ e U t  --orrespond to ni

parallel I c c  t ine g n ’c e ees’ e - direc t ion .
After the alignment experinients wit h S1RI1A were completed , the sandwich was disassembled

and the \hI4f3~\ was remos-ed f rom the subs t r a t e s  he y  i m m e r s i o n  in acetone, follo~’ed by U’S’ ozone
- - I Ic lea n - e m n g.

I . A h i g o m v u e - n t  of \ l — 2 4  in the Nemati c and Smectic A Phase ’s

\ u i  expe r imen t  s imi la r  to t l c c ’  one c b , ’ e c -r ihe d above for \ IBBA was t n n d e r t a k m - n  us ing  the

liq u id - o  v s t c l  \ I — ,’- -l ( s e e’ .\ p ~ee ’ n c b i x  1 ) 1 , wb -nj ch  hm es  , m s m e - - t e -  -\ p l I e s -  ;m s  wel l  is - ,  ne-n i c h e p t l , e ~~e ’ .

-S sandwicb i  was c ons t ruc ted  as shown in I- hg . ~V- -l in th i e- manner described in Section Pm’- I)—Z.

In thi s , - :m s e ’ , Mylar  spac e- r e  25 in -n t h i c k  cc -n - c ’ used ra t i eer  than Teflon. Thie sandwich was

heated to ahoy,- thee isotropic transition of 51-24 on-n a temperature-stabilized microscope b-not

4e ,
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s ta ge - . Tine l iquid crystal  was then introduced be tween  t i -ne substrates b u y  c a l c i  l I a r s -  a c t i e c i e .  Thee

sample was next -ooled, ve rs- slowly, to time nematic—isotropic transition -n at 7S . — C ’  wh i l e  b c e ’ i u i c ’

oh sc ’mve d between crossed polar ize- re .  Wh - n en  i l c e  t r a n s i t i o n  e u c c o c r ’ u ’ e - c I , a s i - n o a h n u m b e r  of d i e ’ - —

h in ations appeared and then shrank s-em-v rapidly ( in  less than I see ) and disappeared. In tine
nematic phase , ti -ne t ler ee regions (see See. l’V- i )—2 and F i g .  T’t ’ - 4)  A , I- i , and C as observed I c c ’ -

tcc’ e,’e ’n crossed polar izers  in tran sn - n - ni t ted l ight  had very distinct propertie’s. In-n region-n C, n-nulls

in ti -ne t ransmission were observed for polarization precisely Parallel or pc-rpe’mi (bicular to u f u c

grating gn-oo s ’es . In region A , ti-ct’ o r ienta t ion  of tb -ne po lar izers  cc ’it le respect to thee sanm ple at

which thee tn ’anisn mission null occurred wandered randomly from area to area. In region B, t h e e -
o r ien ta t ion  of t i re  ninlis var ied only sli ghtly from the grating dirm- (ion. The i n t e r p r e t a t i o n  of
th i s  restn i t  is th ee same as given in Section T \ - b ) — 2  for ‘SIBBA. Ti-ne absence of d i s cl in a t i on s  in

all r eg ions  in ti n s case was par t ic cn lam ’ly st r iking,  biocc-c ver . This could possibly be e ’x p l a i i c e s h
he tb -ne s- c-n ’s’ slow cooling of t i -ne 5 1 — 2 4  throug h thee ne ’ i u s a l ic ’— i so t r op i c  t rans i t ion  ev hi c ’hm would ailoic-
oriented “ n -nucleat ion -n antI g n o e , c t h i e ( s m - c ’  Section 5’) of t ime nenua t i c  h- nb - ease fi ’oni t i -ne  isotropic l c b l c c s e  - .

A l t e r  observing ti -n e ‘ S I —  2 - I  sandwic- h in the nema t i c  ph e a se , it  was cooled vc - m’v s lowly

i<io
_ l  

‘C m , s i i i .  ) through the nematic -to— snin--ctic ,-\ t r a n s i t i o n  at e - e - .S ’ C .  \\ ‘itbiin region (‘, the

only observed change below t I l e ’ t r a n s i t i o n  was tb - ne ah s e - nc e  of d i r e c t o n -  fl u c t u a t i o n s  w h i c h -n  i s

c-harac t er i st i c  of ti -ne smectic please. Tbie c ’ u t in ’ ,’ c-n c- c-Ce of i o n - n  C appeared umiiforn’d s- dan’k be-

tween c-rossed polarizers for th e  groovc- di n’ m ’c  tion parallel or p erpen d i c-u lam ’ to t ime in c i hen t
p o l a r i z a t i o n .  I hocv e ’c’ e ’ m ’ , heeb oct - l i c e  t r an s i tion , r e - g i c e n i  A lead a reniarkahle appeam’ance. ()bsers-ed

Isc ’isE c - c - m i  c - n ’ u sse d p o l a r ize r s , it presented a kaleidoscop ic patt ern of dislocations and to -al c o n i c

t e x t u m ’ e ’s.
5 

Reg ion  B ex h i b i t e d  a e t r i a t e d  t e x t u r e  of d i s l o c a h i o n s, l o u t  t h e  av erage c l i  m’ c ’ , - t e e r  or i , ’ u u —

ta t ion coincided with -n ti -ne g ra t ing  d i r ec t i on .  T h e  t r ans i t ion  was s lowly  t raversed  in temperature
several t imes  e ,v i t l i  tb -ne resul t  ti -nat ti -n e t e x t e , m n ’c’ in regions  A and B changech sI i g l u i l s ’ : ‘l b ,  o th er

features of the ph enomenon were unc h anged .
The temperature  of tl i~ sandwi -h was thr en  lowered 1 ~( ‘  below t ime  n e n n a t i c - s i o n e c t i c  ,-\ transi-

th e n ,  -‘n - s tire temperature b e ’e ’r e-asc - mI , c-en’v faint striations could be ob,servecl in - n region C .  These
are believed to he dislocations in ti - nc  smect i r  phase ’ 5 ca used by  defec ts at t I ~ , - c -dg - of region -n U .

OTnce again the ohsen-s’ecl orientation of tb-ne liquid cryslal he,’ l ime  squar ’e -cvave - sur face— re l ie f
structure can be explained h-nv ti-ne minimization of t’n’ c ’e ’ e n i e - i - g v  a rgum en t s  given in Sc ’ c t i c i u u s h I —  I t ,

l’V—B , l’S’— ( , and Pc’ — l ) — Z .

I:. Conclusi ,ens

An exper imen t  has been clone whee re  a we l l - con t ro l l ed  and cha rac te r i zed  su r face- re l i e f
structure was fabricated and sb-now-n to align both  n e m a t i c  and sm n e r i i e ’  l iquid c ry s t a l s  w i t h e  t i - n e
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orientation consie tc- nt  cvi th  theory .  f l e r r em an , Kah n , and otimers have a t t e m pte d to explain

the observed orientation of nematic liquid cm’ystals I-nc’ rubbed and evaporated surfaces w i t h  a

theory of liquid— crystal orientation b-nv ,urface-n-elief structures . Their  efforts  b -nave he n - -n
i n - u i  s i n - a t ’  ‘ o h  Icy tb - n e  d i f f i  c-ui tv of obiser s ’ i ng and c’ ha rcm ’  - i - r u  i ng tu ie  s u r f a c  - - ~. I h e ’  re  a cii f fe r e n t  ap—

proacb e has been taken , and a theory s in -n i l a r  ici  t i - n e - i r s  has bee t -n  s l c c e w n u  t o  Ice q u a l i t a t i s - e -lc - c ‘ c t - r e - ,

It is wor th  no t ing  t h a t  Rer reman ’s th en - -or e , - cva s fe r n e c n l a t e d  to e ” c ç e b a i n  the spe c i f i c  case of l i q u i d —
c ry s t a l  a l ign m e n t  and tb - nat i i  is simpl y a s p ec i f i c  case of the l e n ’ c e a e b e - n’  lo , - c e i ’ s  cO c r v e i a l  l i n e ’  05 c c—
layer  or i en ta t ion -n  h)y ,‘e u m - f - nc , ’ —re h i r ’ f  st ru - t n m e - e ’ - -n wh i ch  is presented  t o e - i ’ - . l c n r t i - n e r  h i q u i c h — c n - v s t a l
o r i en t a t i on  e-xpe ’r i n f l e f l l s  are sugge s t e d  in 5, -c u j e e m i  V I .
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ST U t  ( ‘r b ‘ui- :.s ~~ _‘S’SlOhi J ’I IOL ’S SI - IISTII,’\ TI  :s

\. ln t r o d u c t n o m e

In this  se c tn om n . t i -n e o r i en e t u t i on c  of solid c rys ta l l ine  overlayer s on amorphous substrates i -ny

su n - t ’cm c m ’ — n - - h i e - t ’ s tm’u ctures  is e l m s e - o n s s c c l . 1 1cc-  general foatures  of thin  solid t i f m  n- i ’o , c t lm are fir st

1e re ’senited to 1mroe ,-ide l c c m e k c t e - o c n u c c l .  Sh e e ’ c i t i c  models are then -c discussed for ti -ne g r o w t h  processes

of ui ~m c I e ; c t i c e i i , i s land i n f o r n i a t i o n , and ce cc l c - scen ce .  h - rom t hee models of the individual  steps in

t h i e -  mc u - e e ’ ,~i hi c e - o n - ’ e e- -S , a n-node I cc - ccc l  u - c r c - I ’  - 1  (‘or or iented th in - n f i lm  p m ’o cc t b  on a s u rf a c e — r e l i ef

s t e ’ u e - t o e  u - c on an amorp hous s c e b o s i  ‘ c t ’  . I i u i c m l l v , c x j e e -  e - m n u o c t u t c c l  results s n - h e i d i  agree wi th  t in i s  model

are p n ’ e - s e - n m t e ’ d  showing on’ieum teel gn’oen- t i n of K (’l on s q u a r e — w a v e  g ra t ing  s t ruc tures  on amorphous

I ,, ‘l’he u - c - s c m  lt ~ c c i  gold antI I c u e  c l e - I c o s i t i o n s  00 square — en-ave b- e- c c t m  l ips  am ’e also presented and

exp la ined in - n l u g l e t  of t h e e -  g r ’ o sn -th  ii o e o l c - b .

I : . (;,- o , -c- ~c l  I e ’ c c t o m r e s  c i t  ‘l’iei n 1- jim G m- o n - c th e

1. The ’ Th in  l i m e ‘‘coo Ito I e n~oc~’~s s

‘l I m e -  c l c ’ b c o s u l c c e ! u  on ’ t l e n m n  f i lms  c c i i  e o l e o l  s o m l s t m ’ c c t e ’ s  heas ‘ c - c - m o  t b - n m —  sn I p - c  I of c - x t ’- n sn e , - c ‘ c - s c - c c  u c i c .

-S I u - p c - m iu n ibue  n’ of deposit ion t e - c hen i ques heave b e  - - u c  ‘ I c - S e ’  lo b  ce- cl in c l u din g  evaporat ion. sputte” r—

i - c , ,‘ I n e m u u i c ’ a l  v c e 1 c e e r  c h e l c e e s i t r o r m , ne o l t - cu l a r  l o e - c c u : c , a nee b  1iqu id — ~e l c m e e -  p m ’ c e a t b e  t echniques .  ‘clans-

s o e t u e i u - c m t c ’ — c b e ’ u c c i s u t  , c e u c c h o i t o : c t i o n i s  l i c m v e ’  b , c i o  i u e s m s t o c . c t e I . Se ve ral , - e c u c 1 0 1 ’ e ’ i e c - u o s e 5 - e n - c c - m e - a s  of t h n s

s c i h o i e - e ’t b e c m v e -  ‘c c c ’  u u t I ~ c c c i i  1 e u b e ho s he-ol .

I ) e s ; c o t ’  t he , ’ p m ’e ’cmt s c m  i’ m , t \  c d t  - I e -~ eo e 1 c c c l  t e - e ’ l m : c e q o e e s an - e n - h ‘oon l c s t m ’ c m l e -  ar-nd I ( e - b d d ) s e t  con ihnnatnon s

t h e  g e n e ’ i ’ c e l  f e - c m t u r u ’ e —o oh t in ’  c o e d ’ h c , e u ~cs u o o  u c t  f i lm - n - n  fon’ n-n a t n o n m  c c e ’ e -  s o u i o e l c e i ’ in  n u c o s t  c - c m s n - - s  (a Iiossible

e- ’c o - e ’ ~ d I e c ’um is t h e -  e cm , ’m m c c l  m e i ’ e t i c ,  o l c ’ i c e c s c t — e e e i c s t m ’ c c t m  I n u i c l m u e g  me s- c - c-s  s t r o n g  and I a v c - e - — l e s’ — l cm s’e r

gr ’osn- th n oeee I I ’ - - l . l I e ’  s e - ~~c -c’ ,el d o c l c i c c ’i s tc - n pu’s of t l i i u c  f i l m  g m — o a t h  c c i ’  i l l c n s t r ’ c e t e - e l  in I p. 5 — 1 .  In
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I c c .  S — I .  -S s c h e c m , c t  ic  n h l u o -  t r a t non  e e l  the dn s t in i ’ t  s t cm pm ’ s  of th in  f i l n e  green - t in .
l ’ l ee e  s c - c 1 c n e - I o c  e -  ~~ f i lm - n i  ~‘ i ’ c e o ~ h b e  r i-i ‘ c c c i ’ , e t e - r n s t i e , ’ m e t  c m ha m-ge n u m b e r  of d ep o s n t —

- i o i b c s t c ; e t e -  , - c e m u i l - e u e c m i c c e u u c  sn- here  the d e ’ p o s r t — s c n l c s t n ’ ,e t e -  i eo n d in g  is , n - e ’ c i k m - e -  than
tine  c i ,  - ‘‘‘~ 
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thee initial stage of deposition, a large number of small nuclei  form ore the s L r l c s l m ’ c e l m - . These
nuclei  often b-nave a mul t ip licity of crystallographic or ientat ions regardless of tb -n e C o i h s t i ’ : c i c - crys-
talline structure.  On a smooth substrate , the nuclei are randomly distributed; leooo  e v e r , ar - n e x -
t remely interesting instance of nonrandom nucleat ion is sometinies seen on cleavage steps and
othen’ subs t r a t e  topograp hic featmnres.  An examp le of t hei s p h e n o m enon t e rmed  “d ecora t ion ” is
shown in l- ’i g. \‘ — Z .
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l- ’ollo cv i n i p e  n u c l e a t i o n - n , t hie nuc l e i  or “ i s l a n d s” grocv in - n s i z e - . I r e s o n - n o d -  ‘ - c m s e - s  - tho se  cc i t h e  cc
pa r t icu la r  c - r v s t c m l l o g r a p h i c  ore enta tnon  grocc - md- ni - c  r a p e l l  s- t l i an  ‘ ‘ 1 1 0 ,  u- s .  It also a p h ce - ; c  m ’s t ln at
t l e - s n - ’  smal l  islands of ten  have c o m n s n d c ’r a h c l e  m o h i h i t s -  on t Ine ’  e u l o s j r c m t e  soc r I c e ’  ‘ -  and can e ’ c m c  m i s
c ’ b e c e u i p e  - t l e ’nr  c r y s t a l l og raphic  o n i e n i t a t  ion.

l - :ventuah ly , as growth cont inues , some i s l ands  coalesce -c i t t e  ( - nm - n e ’  a n o t h n c e ’  i c  c c r n c  iam ’ger
es Icends . During coalescence of t cvo iso l c m t e ’ d  i s l ands , tht-  n -n -” is a co ns m o l e ’  ‘c cl  - Ic” a m-n  ‘ c  c e c i l  ot  mass
tr ’ansfe r, and a tenden cy for t h ie ’  compouncb island t o ’  take on-n a single’ C n’s-st,m I Ic ’pm ’ cc oh i ci odr e e ct t c c—

tn o n .  It is often at t h is stage that the format ion -n  of I c m m ’ p e - — a i ’ c c m  s n m m c c l e’ — e  m’s e t a  I n s l c c c o o h s  t c e k e ’ s ’, c l c m c c
th rough tine reorientat ion of n -nan -ny sn -na i l  is lands,  It heas i d e - c - i c  c c l ii e - u ’s’m -  I h o d  ire -~ ‘n. cases l i c e  -

i s laneds exh in b i t  a l iqu id—like  behavio r d u r i n g  e ot c lcco c,e nee .
t 4  l- xp l c c u c c e t  e c c c s  of l h c  - l e e  - l o c d i c e u u d , I o  o f

c ’cccmlescence attrn huute this huehavior to mass tr’ansfen- t o y  s u r f a c e -  s e i f -du ’fu sn o n e  of t o e ’  0 posit
aton-ns driven he,- ti-nc’ tendency of then - - small islands nec minimize t i m e - m i ’  s c m  c i c e c e -  f i ’ e - e  c u r e -  n-pr.’ ~ ‘rIce

p rocess  of co a i e s c e u e c m ’  an-nd r e -c  r v s t a l l i z a t i o m i  of i s l a n n c b s  c o n t i n u e s  om it c i  tb -n e g row-to g  i s l a u e , l o o  reach -n
a snze  at wh e nc ie  coalescence is jnbe ih i t c c l  and a more or- less c on i t inuous  n e t w o r k  of i~~l cmm - n ds  is
fo n’ n mecb.  ( I n c - c -  thu s “ n e t w o r k”  stage has bc-en reached , r e c ry s t a l l i z a t i o n  ns n n h n i h j i t e d .  The v o n o b s
c-c r channe l s  that s t i l l  exist  he t sn - e e m n  the j oinee d i slands c en ’c  u s u a l l y  c 1u n t c  i r r eg u l a r  in s b t c e l o e - .
‘r ic e - i-c e’ heron -ne  f i l l e d  nn  as s n m a  11 is lands located in - n thee chann els p n-cis c - an-nd coalesce —c it h  I h i , - o c t  —

a o rk  s t r ’ m n c t e e r c - . ‘m n-- s i ze  of th e n-’ n s l a n e c l s  j u s t  p r i o r  to t u e  n c t a o m - k  e t c e p e -  can c c ci ’s ’  p i n - - n t is a et he
tem pE r a tu re , s t e l e 5 t m ’ c c t e ’ — l c - b c e s i t  con eh c in ia t io t e , oneb eli-position conditions. 11’ a c - c c i t t  o t o t m e o n s  f i l n - n  cc
fon -mm ’d c c l  a yen’ s ’ s i - n - na i l  i s lar ed s n z e -  and the island s are  r a n d o n m lv  or i en t e d , an am o n ’b e h e o u s  01’
sn c a l l — gr a i n e d  p olvc  m ’ v s t c m l l c e u e -  f i lm  results . This is thee case-  ic eth most d e 1c o s mt  i d e - n u s  c lo t -n t” at  iocn-
t e n i p e - r a t u r e s  relative to the deposit melting po et -nt an-nd at high ebepo~ it ion-n ‘c c l  c -s ore both m i t - n e d  o ’ i o h m e d o m s
t ire d s e t m p l e ’ —c n ’v st a l  s u h o s t  u- e t c - s  .~~~-\t beig leer temperatures an-nd loon- en- depos itioni n ’ cmt e -s , the  isl a tids
t ” n c h  t , e  be larger at tI n- m e e t ’ n - c c n ’ k  stage I c m ’ c ’ e e i s e  of t i c ’  l o in - c -n ’  t o o n - I e - c l i c c t o  m e t e  arecb n i e e - m ’ e a s e c b  n i iob i ln tc -
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c c i  t int ’  deb eosi t .  Island sizes of 100 urn or more an’c- n -not m e n n c o n u n i u o n .  If thin --s e l a rge r  m s i , c u i d s  cc m e -

r’ , e u e o l e c m r :  iv  o r iented , a 1co lv e ’ rvstal line  f i l m  is fon’nmed . If thn-’ is lands havn-- a sn np le ’  or hig hly b d c ’ e _

ne ’ n - i ’ m - oh oi - ientat ione at then -’ rnetcvork stage , a single— cn’vstcc l film ccc i i  r e su l t .

S i n g l e — c  m ’ v s t c c i  ti -nine f iln g m - c - n o  t i m  c i i ’  l i e - I c ’  i ’ oepi tc ex ~ is kne oa - n to occur only on -n sineg i e— c z ’ys tc c l
s L O I d e t i ’ c e i cs an-in-b for cm l i m i t e d  murneber of substi’atc-dm,’posit combinations. Because oh’ ti-ne complex—
its  of thee prob lcne and the l c m u ’ p e ’  n w -ne t -nec ’  of o f t e nn  n - nne c onet ro l le d  and unknown parameters  involved ,
no pc - r o e - u - cc b l ~ su c ’c’c’ss h’ul theory of h w - t e r o e l - n e t a x v  has beer -n de ve loped and them -e is a pm -e a t  deal of

cb e ba t c ’ about t i m e ’ de -t a e l i -c  of thee t e ee c-h eat insn i s  cch i i ch e  lead to I ce -t e - r oep it axy .

A l t h o u g h  hn -’teroep itaxy does n-not ( c cc iii’ one an’con - phous or polycrysta l l ine subs tm ’a tes ,1 the

lu o l y e i ’ v e t c e h l n i e ’ f i ln n s  deposited on smooth amorp h ous su bs t ra tes  o m i t -  not necc ’ssar iiv  e n - m t i t ’ c - l v

c ’cmndoni.  In fact , und c’m’ the p rop et -  d e p o s i t i o n  cotecbitions , f i l m s  wi th  a ref iber  text u i’e ”
3 cat -n be

grown-n a lee ’ n - c - ci s ire g le c n-vs tal lographic  d irect iore ci f  t int- iced ic’idual gt’ains has a h igh ly  pre  f e - n ’  m e d

- t ’ c Ct  10 - n e .  ‘m is p henom eno n- n is d i scussed  in de t a i l  in c Section -n \‘— h i — 7 .
The d i ce s ’ , ’  genera l  featun’e s of thin - n  f i ln e  p r o w  t i c  ar e ’- i c c -Il undn-’m’stood . it is also on- id e l ~ k i o c e o s  um ~

that t i - ne ’  s o m r f c m c e ’ s tn-uc tu i - e  of a s i n g l e — c ry s t a l  s u b s t r a t e  ccci i  d i ’ c o n o c e t i c c m i l  a f f e c t  th en - i f ina l d h o i c e l  e t s

of a h - n e t e r ’ n - e eco i t ax ia l  t’ e l n - n .  I’ ooi’lv polished substrates on- i t l i  n i o c c r , s  S’ I’ O d i e ’ l c e d and other d e f e cts a l—

-s cevs  t end  t c c pm ’odince infer ior  films. ilocveve n’ . t i m e  in f l uence  of thee sp e c c f cc :  sh  ro n - h o n - c-s ore cm sub-
s t r a t e  sut’face on the g rowth  p r o c e s s  hias m c c c ’ ive c l l i t t le  a t t n - t e t n o n e  as ide from a few e t i n h i e s  of

d ecorat ion i of n- l c - c i v c m p e -  s ic - o s. ‘rice o i u i c ’e c c c t  i’ , c l l e ’ n - h n i a t un-e  of t i n t ’  c o m m - I  c m c e ’ s  p o e  - cc, red by conn vemi ti oco. I

t echniques  makes s v s t c - n - n o  ct i c  s tud y of t h e e - s e ’  e f fec ts  y e ’  n - v d c f l ’ i c -u l t .  In g e - - n m  - n o d , researchen-s c c ,  ye -

endeavo n’ed to e l i m i n a t e  the unicontn’ol led c i i f h u c ’ n e e -  d e l  , I c ’ c m e l m - n i c d l l s  c i ’ c c c h U e ’ m ’ dh  sc m i ’ f , c e - c -  s t c ’ U c - t c l r e - s

h~- pm’od cncim ig cm f ea t in i ’e le ’ s s  sn ooth s o r l o s t m ’ c e t e  c e l h b c e c o n p i i  an U o t e t’ c si  r i p  c - x c ’ ( ’ I e t i o n n  t e d  t h i s  0 c c  U i ’ 5  in

honn oepitaxial  or l r m v e - n ’ — t cv  — I c e v e r hme t c ’ n ’ O n - ’ p i t o L x k c m l  f i lm  g rowth  on- l i e  m c - t h e-  s ubs t  ‘ e t c  I c l c c i c e  - cc cu t

s l m p h c t l s ’  off ti -ne desired gro w the  p lane such - n  th ea t  t i c , -  S e n t ’ f c m d ’ e’ n- ’ ot r s n s t o - o ee l  an a r r ay  n -cl m c c c i - ,  t c c n n  m d ~
et e c c s . ~ 

d I y en  less is knocv n ai,out thee ir e f l u e n c e  of c ur  face t c c c o c d ~ r e  - I c s  d c i i  fu n -n p m - e e c  t h e  n -- nm - n ane on- —

p ieous s u h d s t r c e t e - e .

‘r o unde n’ s tamim i  h-non -v a c - t e f e c c c l l v  pn’oduced s o m e - I n c  c — n ’ c - l i e f  ci i u m c - I o m I ’ , i- one ,mt l aniorbehoc,ns suhestrate

m ight  i n f l u e n c e  the t h e m  fi ln i  gn’o o c t i e  c n ’ e id - e’s e , a o h ,  t c c o l m ’ o I  c m u o c h e - t ’ s t a n - n e h i n e g  e e l  e- , c , h o  e c f  t I m e - a c e  l i i ,  I

stages of th in file -n -n gr ocvtb ’i p rocess is os f o i l .  I : c m e l e  n - c f  t h i n - - s e  g r owt h  stage s is d i s c o r e s e - c i  in t i m e -

next sect ions ann -h a moebel  of the i r - n  f i l m  g o - c c - ’. t h i  on s u n ’ f , m c - c - — m c  I i c ’: sI  i - o l e - I c c  i ’d - s  is I u n ’ e s e ’ t o t e  1 in

Sn--c t ion V - u

h - :~ u~l~briun -c I -on ’mn of a (‘ r s-s t al line  I s l an d  on c m i i  Arn cerp biou s S o c h c s h  i ’ cm le -

D u r i n g  t i l e -  n u c l e a t n o n , isla nch g i - o - c t hi , an -nd coalescence stages of thi n -n f i lm  g r o w t h , the deposit

exists in the ce r n - n d  of smal l  i so la ted  i s lands .  Ins igh t  in to  tint-  behavior  of these islands can Ice ob—

tamed b - n y cons ~be r ing th n - ’ e q u i h i b r n e n m n  form of a crystal l in e maten ’ial  on a s u b s t m - c o t c - . ‘n et- shapes
of large gro ov i n g cm’v s ta l s  am - c- , in n-cost cases , determined by competi t ion be t w een  the rates o!

various t r anspor t  mechan i sms, and a con cp lete unde r s t and i n g of the n-beve lopment of c ma s t c e l

sb-nape r equ i res  a deta i le d  kn oov ledge of thee k inet ics  of gi ’ocvtie. l - m c e l - I u n e a t n - ’ l s , t i e c  sn-nail  s ize of

the islands involved in t b - nm f i lm grocvth u su a l ly  less th an 200 nm ) makes an e q u i l i b r i u m  t r e a t —

mt-nt  of i i i , -  problem realist ic since for small islands the tendency of the c rys ta l  to low-er its

sur face  free ene t -gv is often the p r i n c i p a l  motivation for  changes in s u r f a c e  s t ru c t u r e .  A par t ia l

f W i t h  I l - n , -  possible exception of some ve ry n - - on t e ’ov ex ’sna l  n -y ork  I cy  U . Dist ler ~~
S t  n- where it  has

1c c - n - -mr claimed that si n gle - - n ’ v s lc c l  f i l m s  h-nave been  gr o w n  on “ n- e’ i c ln c ces ” of s ing le—crys ta l  sub-
strates in amorphous n o c e t e  r ncm Is.
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l ug. V-3 .  Am -n i lh u s t n ’a t i o r e  of ti-ce
7 ‘

\ app l i ca t ion  of thee G i b b s — S t  u l f f
con s tnuct no n  to then - - deterneina-

/ t ion of t i l e  eq u i l i b r i u m  form of\ .  
- - - -~~ O~ e~~- ~ 

~~‘ a cubic deposit on a subst ra te .
The e q u i l i b r i u m  for-n i is geo-—— - n i e t r i ca l l y  sin -n - n  i lan ’ to t h i n - -  0-nt iC’t
envelope of all posslhdl e planes

- d r awn  n o r m a lt oth e  -, 7~) (Wulff)
- - -

C ’ p lot. 

‘ ,1
ice >

/
C — V

u 8 - 8 - t 4 5 4 4 - l ~

D~~~~~~~~~~~~~~~c~~~~~~~~

- (a)  ( b )I p . 5 — 4 .  ,-\ i-’c h e e ’ n i i o c t i c  r e p rn - - s ent a t i on
of the e q u i l i b r i u m  forms  for  t ine  heos 

-

____________

sihie interfacial t en s i o n s  as enumner-
ated in Table I l - I .  C _________

(c)  ( d )

-I
(e)
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t rea tment  of tb -cc ’ pn’ohiem 01 I c - h e  - m t  i r o i n g  t h e e  - e q  u I  e l m - c o c m r c  f c c  i -no of a sn-call crystalline islam -nd has

been given he,- St iri te ’- n .bco t t cen i i .
I S  l ’ h m e ’  fo l low ing c i eve l opnm e - u i t  n- I n - - ne c -  1’,- p a r a l l e l s  c cc  a rguments.

Th ree c h i e t m t c t  c u t c - i ’ f c m , - i , c l t ec-n esions cnn -c -  in volved: y , t hin - ’  s o c l c s t n - a t m ” — v a p o r ;  ‘, - t h e , -
sv cci

subs t ra te—depos i t ;  ‘ lv ’ t h e e -  c h e r c c d e c t — s ’ c e i e c c r .  Under  coneditions of c - e e u i s t c - n o t  s’ec l untc ’ , t c ’n -npe - r a tu r e ,

and total  num be r of mol e-s  - th ee ’ equ i l i b t - i um n  c o n o f i g u r a t c e e m i  is d e t e rmined ic I e~ . c l i —  “ ) .  ‘c h o n - e  c x —

p i n e ’ it l s  this r e q u n n ’ c ’ n i e n m t  hoc ’ e ’ o n t i n - ’ s

o \ i sv d.\ b 6 \ ) Sd d
~~~ ~ \ ~ c h s

d
~~~i 

0 t V - i )
cc ee l  US ’

for a constant d c - p o s i t  n-’ c c l o m m u c -  - w het’e’ 6 s l e d - e n !  m e - s  a vce n a t i o n  of t h e -  surface shi cm h d e ar id tine m ete—

grals are taken ove r time c -retire i uo te - n ’ l o c c m c e i  cmn - e a of t h e specified interlace.

If i t  is assunw-el  t lna t  l i m e ’  s o i h o s i  ‘ c t ’  s c m m ’ f o c ’ ’ c ’  is n-cot chefornned Ps t int - depos i t  — d,A 1 d ,-\ , amen -h

expression ( V - ~ 1) c , m n  h e -  s i i ’ n i 1m l c f n n - ’ d  to n - n e  tel

6 \ ~ so i  ‘ss~ 
n - b A 1 

- ó y c l - S . 0 0 5  -
~~~ )

‘sd - - ‘ c l v

or

o \ y L\  - 0 5 - 3 )

where the int egr zcl  cc t aken  e c s ’ c - r  t b e n - -  (- - n - n t  O d ~ de l c osit s u r f c e e - c -  arid is c m ii in tc ’rfcme ’ nocl tension for

the depos nt d e f i n e - c l  Ps

— h e  c i —  I h i  c - I - c c  e I — v _ c o d ’ ’ c o t ’  - r I c e  c -c -
c iv  -

= . 1 5 — 4 )
-
~ 

— ‘u ‘ ‘ o ’e r  t h e e -  5011 ,— c t i ’ o e t c ’ — o l c - ; e o s c t  c u c t e ’ n ’ m c c c t ’so h ‘ cv

If the d e p o s i t — s u l c s t m o t c  re m - i c  c o t , , t  c c i i  is i - d e c  t i c - o h , t l n c -  f on c c l l e d u u  -) is u n i on - . h - : q uat i o n  5 —

subject to the ’- s - e e i i n r - n c -  , ‘c c u o e i i ’ o i u c u t  - c - c e - n e  t i -net -n I - , -  see Ps - c - n - h c h i m e  c - t l v  l ’s- thee-  c a l c i m l u s  oh v t m n ’i a t i o m e , s .

Landau and I l f s h i o t z  l n ~~-s~ c o t  a p e  l e e  n a l  s c c l o c t e c e u o ’ to I h i e s  h d u ’ e e h I d - n o  o v l u i c h i  has om s i n -n p le cc omm 1 m m , -

inte rpretatioti k - n o e e , ’, ccc t h e ’ -  U i l o h c — \ t  m i t t  c - c - c r e s t - n - l i ,  I i c e u i  Thee solutiot for  l i m e  c’ o 1 u m n l n h n ’ m u n o  t ’om-m of

a cubic deposit r c i , c l e - c ’ c , , I  on - n t h e  a h 0 0 0 } f a c e ’  c c  ‘ -n i l e - i  to cen c m m vn ) r l eh io us  su b s t r a t e -  me i l l u s l r c c t e  cI nn

I-’ig. V— 3. i- ’irst tin- p o i n t -  p iot c e f  -) i s n - m acn- n , h i m ,  ( , j h o I ’ ~~— \ \  o c l f f  o ’ e c u o C h  - n - o l e -I o c o o tbu ’n c o n e s c e t s  of p lanes

drawn perp endicu l t e  n- to e - c e c - I n  r - a e h i c m s  s-ce -t oe - at I h ,  -- o o  ‘ f : o c  c - . Thie in - ce - nc - I -  enve lope fo m -n ien - ] hv~’ a l l

possible p la n es is pec - o t u d e t  c - i c - c u l l ’  d p i  s o c  l c r c t  to h o c  e - q c n i h i b n - i u n r i i form of tb-n c ’ ok ’po sit.  ‘h’ l mr c ’ e ’  ca ses

are shown in h ip. 5 — 3  so l i e -  c c ’  
~ s i  

— 

~~- y  ~5 <‘0 , (0 , and ~ o~ y ’ \ e l e -  h eat t h e e -  c c e s c  b~ sol 
- — 

sv 1 <0

can be handled by p l c m e ’ c u - n p  t h e e -  c d e ’ n p i n c  ‘c t c c l b ’f po int )  o u t s i - I c  t hee envelope of thee c o m e s t m - u , - t o c d u i .  In-

sight into the e q u i l i b m - i m n m - n u  fo r-ms of s - cc r io r ms  01 -1,05 e t c  on-n f l : o t  s o c l u s t  i ’ c e t e ’ s  can I c e ’  p ’ c e c u - n e ’ c h  hc ~ consider-

ing the possible e q u i i c h e n ’ i u n  s l e c c b c e - s  of f ‘cc - o . c i ’ t i c  I ’ of a c e i c o t r op i c ’  atm—h n--n - s ’ st a l l in e  n -n ate u - i c e  is.

From the poss ib le -  s l e c e l e e  s of thc - p lot as - n o n  i c e - m o o t ,  1 nrc  I , c b l e  I l — I , m ’ep m’ e - s e n t o e l  cs - c-  eq u u l i b m - i u n - c

shapes8 can he cirlewn as s i m o n - n - m r  ire I p . V — - I .  I c i  h ’ c me ’c ’S ce e ’ e e c h , t , c c i o c - o I  o u c h v  i f  th ie d c cl  us c - i n s :  o h ,

and a polyhedra l  S b n ; c u e e -  r s  o i e t c c c e i e - o I  o u u l v  urn i b m ’  e ’ c e s e -  of a e u n s 1 , e - c b  ‘
~ p lot on-- n t i e  a largt -  e i o m s e c t o ’ c d d v .

The G ibbs —\ ~ u l f f  n - -omit- i t r ’ i n e - t i o nn sieoo n - n in I c m i .  5 — 3  o b o e ’  -s  meet  g e v e -  tb - ne ’ abe so lute  n - n i t n n - n u n i  I ‘ c - c - c u e  m p’’,

conf igurat ion , it 5 cn e ~ c l n -  p m o e - s  t h e ’  m i n e i n u n n i  f r e e -  c - t I c -  n -ps - n-’o n ’u f i g u r a t i o t e  for — cc g i v e - u i  e o m h ’ s t  ‘ c o l e  —

deposit or i entatc one .  l c d  o h e ’ t e r n i n u c ’ tb i e a h o s e c b o i t e ’  ne i n c l n e u n - n  of m m c c -  e n l e m ’g ,’c’ . s’om r - r a t c n u e _ ’-° m c i  then -’

subs t ra te—dc -pos i t  n t e t c - u ’f ; e c u e l  t i i - c e - u u t , c t n c c u c  n a cu s t  a lso  I cc-  co n s I d e red, h iocceve r , it is e a s i l y  seene

‘C
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i h o o c t  i f t i l e -  f unc ti oc ’c s 
~~, , — 15 cusped at sonic or i c -meta t i on  t I l e - i - c -  m c  cm i -  o n - l y e  m m r u m u n o  of fi’ c- e

energ~’ at th ee c c t ’ c m - c o t c c t n c c c  of the e ’  ‘ c l s l c  - ,- \t t h i e -  c u sp  n - m I l e  m i n i n o um  
~‘ d  — 

sc’ ’ am -n , l - s d d i I - n c  n e m t t c f l o u L

of fcc ’, ’ cut ’ n-it s n -vt -cult ) h e -  ohe ta i t ied .  U’ see assuene th u at  t i l e -  i n t e r- f a c i a l  S c- n - i c i c - c u e  c c c  m c c c f o r  a c ub an - -

deposit on an cmneon ’ b m h ous substrate  as simo n -n - ri in I Ip. I l — I  ) c ) ,  l i i ,  n-n t i c , -  e q o m i i m l  - m e o i n o  f e c o ’ n c  h e - i c  r n u i u c - 1

h” the” n’nodif it ’d c h i c  — \ \  u l f f  const ruc-t ion in - c I m c i .  V — 3  on - i i i  u - e n  u - c sem’e t th -ne  absolute  n-n i t - c n n - n - n u n - n - n  01 f c c  0~

t i c - i - ps fo m t l i c  sv~~t e - m  atm — b on - - i l l  br- t i n e -  t rue  c ’ - n I o m i l i b n i u n - c  f o o o - u c , .

The n-cod if red ( 1 1 0 1 0 5 — S t  u l f f  con st  mu m t ie c n can also I c -  0 1 c c - c l  to f ind thee r ’qu i l i b r - iun i  f o o ’ i c  e l - n  cc

dc ’b uO s m i  m s l , m u m o l  , c t  Oi s t e - I c  for ’ a s i cn - ’ - i f c e - o l ohe 1 c eici t o r i en ta t ion  r e i c c h m s ’ c to the ste l o .  l ’ l l e -  i ’ equ n o ’ c - c I

co tns t ruc - t nce n is j h lus t i ’a ted  in I ic. \‘— S  fo r  huoth an isotropic ar-cd a c u b Ic - 0 0 0 1  - o n  - ( ° c ,  c i g o c i u i ,

t i m , -  e - c i o m d o b - n ’ i u n i  nor ’mn foi tIme- cubic  nma tec ia l  sle on -n - n in I - c o i . 5’— ”  o c i l l  o ’ d c i - m ’es lcc ) l cd to a t i - l ~i e -  ‘ o u i l i l e —

t iune  fc’cn’ i i i ’  s O c t o  mc I o c - e ’ce n - m ce’  both o h - 1 e o e i t — c c n b s t n — a t e  jm - ni n - ’ - n ’fo me ’ c - s e e c - c -u i -  c o t  e - u s leed m e n e i n m o m o  0 1 1 , - n

‘0 ds O c c i  i c e  as i re  I p .  11— b l ~-) .  In h~e ’n -cet- aI , to fir ed i h c -  m i n e i n n i m n i  f m - c - c -  ( ‘ t i c - i -ps c o i i f c c u m ’ o e t i o c e  c i i ’  a

cbe ’I doee t ~‘eo iitoc c ’ t l n p  a nu o c i ~e l o m u i a n ’  s o c b o-i t i ’ o c i e -  t ime fu l l  s’c e t ’ l c c t i e c i i o c l p c c c l c t e - n i u  i t o o i c i  I - , - c d d ~~v c -  I .

D i ’ i - u 4 i 4 5 ’ d l

- 
J ~~_~ 

~ - / 
1,, - Y~, ~~ ~, ~~~~~~

= 
~~~~~~~

_ _  

- _ , ) ( i i
I b e  \ 

- 

-

~~~~~

~Cd ‘C, ~~~~~ 

-/

I c c ,  5 —  ‘ _ i ’be e ’ s h i c m o l c - o l  :cn ’c ’a e e l ’ t h e e ’  c c l c e e s - c -  c l c c c g u ’ cc f l -n s  c c i ’,’ c ’i’osS c e - c I nOt is
d o t e  - i i i  c u e ’  - o l  Ii’,’ t h e e  - ( d e l i s — S t  s m i t h ’ e ’ e e u u st n ’u et  c c c l  ci’ l i i , -  e ~~i i I c l u ’ e i c m n  I’on ’n
eel  a e- o n l c c e - - u ’ v s t c m l l n n e  i l - n a t e  u ’ n c e l  an - n c ) o c re  m s e c t m ’ e e ; c e e  i - n o o e t c ’ u ’ i , i I  t i  ci ( 1 0  c - e e c ’ —
t ier of arm c c c l  u ’ e q c e c ’ m c e h c -  o- u , o l .  ‘l i en -- cro ss s c - c - I  more is l o c k e  - no in c c 1-c la n — -
sn- b c e - I c es b ,~’ d i c e - t o o l  i c - s n l a n —  i c  leoth  h’cce ’ , c oh’ t i m e  ‘‘ 1) - c o - n ,

I
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~: 
- 
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3. Nu clea t ion

Itoth classical thermod ynamic  and atomistic theories have been developed to exp lain nud e-
C 

, o t u c c o t , Tine th me oe- y  of nucleat ion on a foreign sn-nb s t rate has been treated e’x cui-u c’c - I ’ ;  in a m c  c r11

rec’ieso70 The’ c lass ica l  theory is considerably less involved tha n the aton usbl ’ - thi-o ,-v , an d the

problem can be handled on - i n - I l  a smaller number of variables. The crucial  assumption ire t h e  clas-

s icc i l  then -c ry  is t l c , c i  small  n- - l u s t s - m s  of atoms can be choc m o o c h -  ie ’ed  by th e s cm, ’  t h o u  r m e c d v e i , em i r

proper -ties as those of time stable bulk i l ia c . N u c l e i  an-c thu s assumed to ieave an j u t e - i - f a c i a l

tension ‘y and a free energy of formation per - uni t  volume AG identical  to ti -cat of the bulk p has-

If the nuclei are suf f ic ien t l y large th is appears to be a c-easonable assumptio mn , for ve ry small

nuclei the use of macioscop ic thermodynamics is hig hly quest iona b le, In ame s’ case , thee area lvsns

presented here is able to provide onl y a qualitative understanding of the  nuc lea t ion  p leericim cr00 11.

Quant i ta t ive comparisons n- n - -i th m theory could not be made in this  stud y duc- to the lack of co ccura r

knowledge of even the , ’ bulk values of tb -ne thermoch namoic quantities. The t r e a t m e n t  given below

follows closely the svoi ’k of Robe r -t some and l’ound7° Ne ’ntv and llirth , ’ a nti Chakra s ’c-r t ~ and
72Pound.

The mechan isnm of fern-nat ion of nuclei is as follows. Atoms from t i l e  parent phase , which

is supersa tura ted  with respect to thee bulk solid phase , str ike the su r f ace  and e i t h e er  n , m m e - d m c e t e - i v

rebound or ac-c ’ absorbed and become the rmal ly  equi l ibra ted  ovi th the substrate .  These absorbe d

atoms (adatom s) diffusc ’ over the surface and through fluctuat ions in concentration , form small

clusters of atoms which grow or decay by the addition or loss of atoms. Incn-eas e in tin e size of

a cluster is energe t ica l ly  unfavorable  unt i l  it exceeds a cr i t ical  si~ c- a t which t in-ne it gn ’occ c

rap idly limited only by the au-rival of adatoms.
o I-: tm c ’ n-gv to drive the nucleat ion process comes from ti -ne volume (Gibbs) f m c c- enem ’gy ch ange

of the t rans format ion  from time parent phase to the solid phase given by

n
AG = ~~~~~~~~~ ln —~-- (V -5)

v u n 1
C

n-n- here, - - , is ti -ce atomic volume ann-I nm 1/n 1 is t i l e’ 5U~~CI’ saturation -n n-vhere n 1 is the actual adaton-n

concentration and nm 4 is ti-ce adatom concentration which wou ld  c -xe st  in equil ibrium with the solid

phase- .
The ‘b a r r - i c - n ” to n-nucleat ion is provided by the mnter fac ia l  free energy associated with the

n u c l e i. If n-hoe equilibrium form of a nucleus is known, thin -’ dens i ty  of free en,-rgy of format ion ,

AG~~ and the total mnterfacial free energy density
t 
~ 

can be calculated for a nucleus of unit size

r. The f ree  c’nergy of formation AG f of a nucleus wil l  th een be:

AG f = AG e,~ r 3 
~n- r

2 
. (V- 6)

The c r i t i ca l  size of the nucleus n- on -- ill correspond to the size ,mt ovhich t iee maxim um ccc lue of

thee f ree energy of formation AG f occurs since growth n-n- - i ll be energetically favo rable for- a

t Although not numerical ly equal , time in terfacia l  tension and inte r f ac i a l  free energy will have
the same symmetry properties. For purposes of discussion , here t b ’  -v  w i l l  lee assumed equal.
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ull cI , ’deS lac ’pe n- i h l o c d C’- - . M a x i m i z i m e p  Eq. 15 — c - )  y i e ld s

r e ’ — ~~~~~~~~ -~~

a t ,  1

3c’ 4
= ‘~‘~~‘~~~r’ ’ n-I . (‘n- — b )

Vt

Since AG~~ depends upon supe r sa tu r a t i on  [see I o~ . ( V — 5 ) 1  one,’ sc’es tha t r can be- large if the su-
persaturat ion is ice s ’ .

The st e ’cm ds ’ - s t c m t r ’  rmuc lea t ion  rate , J . ovi the  units of number  of n - nuclei  fornmed / cm 2/sec has
h o c - e m - n  f o rmu la t ed ’ 2 as:

-,

J n A exp “ ‘c’ -’- ( \ ‘ ‘-9 )0

when -c  n is thme neumber of nucleat ion s ites/cnm 2 and :5 cc ate adatom n - m : c p in -cgenment  f r e q u e n c y

n- h ich  is expected to changt ’ on ly  s h i p lit ly for t h e  var ia t ion - cs  in nuc le i  geometry con-cs i o b e r c d  in this

analysis , and wi l l  be conms ider n -’d to be independent of such - c factors.  It is c l o v i o u s  fn oni 1:0 1. 0 5  - 9 )
that the nu c lea t iome n - ci t ’  ohc ’ c ’ m ’ c , o s , ’S rap idly as n- lee ’ c r i t i ca l  fre e energy of fon -mat ion AG f increases.

Au important  q u a n t i t y  on- h eu che c c c i i  be obtained f n o m  Eq. (5 -9)  is the relat ive n m u d l , ’ o c t b ( o t  rate of

tcv o nuclei  wit ie  s l i ghtly d i i ’fe renm t c n i t i c a l  fcc” - energies of for-n -nation AG f1 and AG f2 such - c tha t

AG f 1 
— AG f :  = Ag” . h - ’n’om h - q .  ( V — 9 ) ,  the  ra t io  of t h i e e r  nucleation rates cvill them-n be:

exp [— 
~~~

:‘j b V - 1 0 )

ovb ee re the n u m b e r  of u - n u c l e a t i o n  sites is assure -ned equal fo r- both nuc l e i.
Time imp licat ions of 01. (5’— 10) w i l l  b~ d r c e ’ o n s s e ’ d  in t I l e  eno ~e - x t  of the obsei-ved tmucleation

p henmo n’.ena of decorat ion -n and f iber  t ex ture  in Sect dens  V - h o - - h  and V -B-7 .
I”or thee case of deposi t ion from a vapor , r e l c c t n c ’ c’ nuc lea t ion  cu te  l-q .  b y - b ) Ice s been d c c -

cussed in great detai l  by I c e -ion - v and i -h i r t h Y  Th eir basic conclusion hi that even for ven ’v  sn-nai l
Ag’ the lower fcc” energy nuclei  can be highl y prefe r red under  condit ions of ion-v supersatura-
tion (meaning it- c n - h o’ case of vapor depos ition , hig h substrate  t empera tu res , and/ or ion -n - - inm p inge-
ment rates).  The - s ize of the c r i t i ca l  nucleus , calc u la ted using Eq. b V - . 7 ) ,  for deposition from
a vapor tends to be less tha n I nm under  n-cost deposition conditions.  Nuc lea t ion  exper iments 2

by (‘hopra indicate  ti -cat the size of t i-ne c r i t i ca l  nucleus is less than three atoms for metals de-
posited on amorp hous carbon , and i t  appears that Eq. ( V - 7 )  overe st inmate s  the size of the cr i t ica l
nucleus in the case of small  critical nuc le i .

4. Decoration I: ffc - e ’ts

One of tb -ce n -cost dramat ic  examp les of thee inf luence  of the substrate surface relief structure
on thin f i lm gm -owth is thee decora tnone  of na tu ra l  cic -c ovce p e steps at thee ’ nucleation stage. An ex-
amp le of this phenomenon is shown in i- i p’. V -2 where  small gold nud e-i have nucleated p refe r-
ent ia l ly  on natural  cleavage steps on a NoPs ’I  su r face .  Indeed decoration has been observed on

4-
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mea n -un -al  cleavage steps of a great  n m e c c u l y  d e p o s h— s o c l o s t m ’ c e t e  combina t ions , i n c l u d u -n g  go ld-on-

g raph i t e , go l d-e imi -n ’oc k s a lt 7 1  si l v e - n - —o n m - m i c c i ~~
5 

and t i n - c _ o r e _ c o e , k s c c h t .
e (  In thu ,  case of gold—on—

rockscult , it bias been slen -coc u c o n c l u s i v e l y that even moneaton-cec cleavage steps can be d c - c e c i - c c t e - o h .

I ’ n - e f c ’ u ’ e - u e t i a l  n in c lea t ion  cci s h e - p s  o vhm e ’re the nuneber  d e m m s m t v  of nuc le i  is gn ’c -cetec ’  in the region

of l i i , - step than on a l’ b c c t  d i e - a  has bc -en e x p la ined on- - in -hi both classical uc ~cc i c ’ c c t i o f l  t h e o ry 7” arid an

a tomis t ic tieeory.7 ‘I’ I en-’ c lc c e s i c a l  n - l i e n - c r y  e c l o b o e d i c i t  j u d o  coen h o e ’  i l lus t ra ted  n - ’ c - m ’ v  easily us ing  the

- c - su l t s  d c - i - i c e - o h  i n Se ’e ’ t c c ues  S — F l — I  am-cd S — h — c .

I c- i n - h e -  - n o t  I’; - th ee - nut l c ’ a t u o c i e  n ’ c c t n - -  m u s t  I ~- h i i i l u e -  n ’ et t i c ’  - st e - p s  thean on a flat region of t h i c -  sub—

-e n - i - a t e -  if decor- o ct  ion is to be obse rv e - , I. To f i n c h  the r iuc  I c oc t i on  roc tc ’  i - c o t  io on the f la t  part of a s u b —

s h m o c t n - -  \ - c ’m’s uS at a s t e - I c  one t h e e  same su b s t r a l e - , one can use ’  I c ; .  b \  — 1 0 )  if t l ee  d i f ference  in f ree

eric - i- c of the c m c t e c a b  nuclei at t h e e ’  I s o c i  s i t e ’s is know ,. ‘l’his , I i f l e - n ’en ce , Ag’- ’ , can be four -cd by

f u m5 t  n - I c  I c  r - n e i t m i n e g  thee e q u i l i b r i u m  f or m  of ti-ce nu c  h e - i  at a - n - I c ’~ o and on a plane using the n-codified

Gibbs— W u l f f  , - e c r i s t m ’ o i c l  d e n  d c ’t o c i i e d  ire See t i ’ o o  V — I c  —~~. I’hen- ’ I ’ m - c - - , -  e tn e -u ’g v  of for -reman - ion of the cr i t ical

nuc leus  is then  found liv I m n e x i u u o  i,~ing AU f for time - q u i l u i e r r u n i  5 1 0 , 0 1 c c  . Ap is then the dcf fe reu ce

1 ° c - t oo  c ’e ’ u m  t he ’ c ’ o t  m o -a l  f t c -c ’ c - t m e rgv  of f o r n m a t i o n  at l i i ’  - s t e - p  am ech at t h e  o o b a e i , - . ‘r h i e  c - q u u l i b r i u n m  fo rms

of c - n - I c - i  on a p I n - n - n e -  and ue st -t i  for a n o c e t c ’ r ’ u c c l  on- i t h  c c c ’ o c l e m c ’ o u t e - n - fc i c --i a l  i c - r o s i n are i l lus t ra ted

se ’ h i , ’m a t m , - o i l b ’ , in I i to . S — ,

I - o ~~. \‘ — ‘ . l ice e ’ - q u i i i r e n ’ u u m f l  me - e m-n-cs c c :  a o m e - p e e s  c i  O c t  a s I c ’ ; ’  amid on a p lcc n - -
a - e -  sh i ocvmm fon’  a o l e - p o s i t  m m - n c e t c - r n c c i  o~ h t c - n a -  i i i  r o t c  ‘ t u e  mc cl te nsions are ihco -

c o e n o c  ccc l i c c o s ’  u s e d  t o e  n- ’ores t r u  i I’ iF s.  \ — t O e )  and \ — c - n - h ,

The cornen of I ii - st ‘ii in I i~~. S — i - l e c e c  a f i n i t e -  t c e , l  nus h (
g • If t i r e -  c n ’ c t i o a l  radius  c- is lan-ge

cono ; d ce n ’ e -oi w’i the R g~ thee s t e - I d  ca n i c c -  m e - g a r d ’- oI as , . p e - i ’ f c - c - t 90 c t c 1d il n— us comparab le  to R g or

smon lie r , the problem wi l l  n - c-oh ii , ’ , - t e e  a pro lelenm c e f  nuc i c - c i t  ion on cc conecave u-i u r face of radius  ii

versus  n u c l ’ - a t u o n e  on a p i c o o c  . Th is po in t  m e d i s c u s s e d f u i ’ t h i e  r in Se c t ion  \‘— ( ‘ for l i c e  case of

eh e-e - ee rc e t  jo n of a r t m f c c  i t i l  s u r f ace  re l i e f  s t r uc tu res,  In th e e  feel Ic’s i t c p  d u s ’ - u s s i o n , ct  is cc s sumed

ti m at  r “~
-‘ 1n- g ’ The cr et uca l  nu d e - m o o  f t c - e - ’’ ic rgy  d i f f e  i c  - u - n o -c Ag~

’ fo r a room s h -us  on- mthe  isotropic in—

te’rfaciai te nsions calculated from the equilibrium f o r ne  p e n - - c - m m  h e y  t he  G u b b s — W u l f f  com mst ru c tuon  of

I o n - .  5 — 5  is fouuid t o  be :

- ± _ ~ I.!V ( i- ’ (o ,, fl V~~ I I)

whe re I - b e e )  is a f u nd  e o n  of time cc , u c t c c e ’l a ngle n- c - o h - f u m e - n - I  as o cees — ~~ 1
~~dS — 

~ sv~~~civ ’ 1” rom
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I 
~~
. 5 — 1 0 ) ,  th ee nmuc leationi ratio I n- /If for a neu c- leus  w i t h  i so t ropic  nru t er f ac i a  1 ten sion en - i l l  be:

ir e (
~

) + 
~~~~~~~ . 5 - 1 2 )

h - : q n - n a t n o r m  (5 — t ~~) is o o l c c t t e - o l  n - s  c o t o t c u c t  a c o n - i l e  un - n I p .  V — 7  u s in g  e - x j c c ’ r u t i c e u u i c e l l \ ’  o le h o - c -I-no m n e - o b 7
~ values

of ~ dv ’ m m S /n f .  a mid A( n-, • (The sn cc  ‘ - of the n - m i  n - c e -  d c c c  -c co ot depened on i b m - c c  - pa ranmeters .)

The c r i t i ca l  m o n o - I ’ mrs t u e - c -  ene n -p r n - l u f f , ’  n - c - r i o ’ , - Ah f ee - a cubic n -nucleus  is founmd t i c be:

An- ; 
- 

- I c  — K~~) . V - 1 3 )
AG ”

‘h im , - rat io of m a e -  l e - ~e t e o o r m  rate’s ccl  cc s tep and on a h- nlo i nec -  fe - c r th e-  e ’cc s e’  of time cubic niuc ic-u s , J/J f. 15

plotted in h ip .  V — h  as a fn - u tm n -’ t u e n u  of Ic - o n - h u e - m e -  I -~ = d/~ ann d on- lie n ’ , - n -h am-nd are de f i n e d in I 1g .  S — c - - .

S ~ii o n c ; o c o c ’ l c c : m i  q u a l i t a t iv e ’  I’e ’ c c t o u e ’ s  cef t I n ‘ o l e-c ’ o el ’co t ioeti e ffe ct am ’c  oo 1 o 1 c c , c ’ e ’ r et f rom h - q s .  \ — 1 ~~)

cir ch IV — 1 3 )  amed I m o e .  5 — 7 a ted S — c - . It i s apparent t lm cc l l i i , -  ‘ f t c - c t  us greatly enhanced foe’ low su—

; c e ’ m ’s e t o c n ’ a t i o n s  or e q u m n - - o c l e - ’ c t o v  l ee-c A( . It cc d ccc se -c i i  I b i d  t h e ’ roct eci of t e u c l e - a t u o n m  rates be-

come’s sma l l  as the e s u l c s t n o e t e -  t e u c l e u  l i l t - i c c ’  t o - c o b - c  ob o e ’ s  r m e - g l c c o u l o l u ’  c m _ c , ,  c c  1h-’h, °~ or i- n- t ) .  I t

I t  is , c l s o  s, o t I l c  r i c e d  cup  n - I nc t I c ’ - r o n , ’ I , o i i d d f l  i d e ’ ‘ c i  ci h - b ’  -n! ’ us  , c l sc’ , ’~ ’ ’ g m - e c u - i  t l i c e n  tn-i ,’ c c l , - , a

-- i ’ - on t b o ,  l’l c i  1 c L o t o ’ ’ , \ n o c t h  o e m ’ c c ’  i r o c  j ”  i h m , o i  t i m e  - q u i l i l c r i u r ’n ‘ - n i -  i o n  ecu - i c ’ di c t i o n o  sheould be’ h i g h l y  fa-

vo red c i  cc sn -e l’ be- c - uSe’ cef ii - b en -n - - n t’ to  r e v . \ r e  , - s , m 1 e l e  of t I m e —  0 - b o , - r o ~e r n o - r o , t fon’  lice’ e ’, o sc ’ of

oo cr -n~~le ’ —e , t o c l s u b s t r a t e  c c p ç c c ’ a  rs in 50 1 0 c c  -,c oe  rh sic ’  coo n n n fl  1 u s ’ , S of 1; . Sh imeaoka and ( .  Komoi- iya

fom ’ t n r e  o l d ’; o e e s m t e ’, h  on 001 , 105 en  N t :  ( b ;  . 7 ’  I . l i c e ’  t u n e  u e l , c r i ~Is c c i i i c h i  o h e - c e e r c e t e  tim e ste -p s hea ve a

h u m c ~l u l v  p r c f e ’ r ’ r c ’ o I  or ie t ’ it a tuon  ‘ n - l i  ( J U l  is p a r a l l e  I in- t t i e o l e o c v c c p e  s t e  ~~ am i d - 1 m o ~~ ~s para l l e l

to t I m ’ ’ su h , s t u ’ ; e i ’ - ,

o 
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In practice it has been diff icul t  to test nucleation an-cd decoration theories. This is because

thee cr i t ical  nucle i s iz -s tend to be ve ry small and are d i f f i cu l t  to obs erve. In general , deposited

films whicie are claimed to be at the “ n ucleation ” stage arc actually on- n- -li past nucleat io n and con-

siderable coalescence n-cay have already taken p lace , and it has been argued that some of the

observed “decoration ” effects may be the result of prel’erent ial growth at s tep sY2

5. Island Grocvth

As soon as nuclei  form on a substrate , the nucleation n-ate is sign i f icant ly  lowered in a

region around ro ach n -nucleus because of an -baton -c dep letion by the grow ing islands. Th us , follow-

ing nucleation a maximum density of nuclei is soon reached. Growth of the islands is then a

diffusion-controlled process n-them-c adatorns d iffuse over thee sue-face and are captured by stable

islands. Unedee equi l ibr ium conditions , the islands , in - respective of their or -ientation at nud e-

atiore , should assume the equ il i bn ’ium form pm -n - ’dicted by time Gibbs — Wu lf f  construction. This

tends not to be the case during n-cost deposition proccssc’s , and the gi-owing islands often-c continue

to iccov e ’ a mul t i p licity of orientations at this stage.

t .  Coalescenc e and N e’tovork Formation

It is generally observed that thn -- density of islands decreases monotonically w ith -n time from

the maximum determined by thee n -nucleation -n conditions. This is exp lained by t h e  coalescence of

growing islands illustrated in 1-’i g. V - 10. When  two islands touch, a neck or brid ge if formed.

This generally high c u r v a t u r e  n eck is rapidly eliminmated by surface and volume diffusion until

- - ‘ n - - ,

ELI LEH
I”i g. V- 10 . The coalescence and
recrystallization phenomenon fo r
tcn - ’o islands is shown.

_ _ [
,L e~~~

i n -
c

the two islands have coalesced to form a single island. As a general rule , two islands which

have dif ferent  or ientat ions tend to recrystallize upon coalescence to yield a single-crystal island,

Such behavior has been observed to occur in times less than I sec for island s as large as 100 rim ,

for larger islands coalescence tends to be quite slow and reorientation is less likely. As a rule

of thum b, coalescence of islands less than 100 nm in size te nds to result  in a single island which

tends to assume an equilibrium configuration. The dynamics of coalescence are not completely

understood , but its mechanism can probably be adequately described as a sinterin g process

where the basic driving force is provided by the tendency of the is land to minimize  its surface

free energy.
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,\ corevincing an’ gun e e ’mmt  for the s intering modc-l of coale ’scenmce us that it  pr-edicts the’ on set

o of the network stage of th iin f i lm growth as illustrated in l”ig. V — I .  Aceon-ding tea the - s in t c ’ r ’ In g

model , the time required f o r  coalescence of t on - c islands increases approximate lv as thee fourth
power of t u e  island radius, in effect  this predicts a cri t ical  island size when - - n-c’ coa l e sce nce be-
comes slow compared with island growtie. At this cr i t ical  size , coalescence of two islands is
not comp le te d before a third island contacts t h e  compound island , e t c . At this point , a contin-

uous network of interconnecting islands is rap idly formed and large-scale reoreermtation c’sseme-
ticc ll y cease-s. This phenomenon is illustrated in Fig. 5 - I l .  If coalescence is rap id compae- n - - d
with growth , a set of small randomly oriented islands can ever etua lly fornm a large single-crystal

o island as shm own in i-’ig. S - 11(a). LI coalescence is slow compared with gm -e on - tie , the ini t ia l  set of

islands o n - ill form a continuous nmetwo r ’k of interconne ’ctinng gr- a in s as si-coon -- n in Fig. V -I  1(b) . As
o growt le cont inues, the remaining channels and h-cole-s are filled to ’,’ n-i e’~eee s i t e - d  niceterial  wieich tends

to coalesce ovith the sur roundi rmg reetwork structure and take- one thee’ local on-centation of the
0 network.

It is genen - 0cllv obsn--n’ved tleat sirmgle-cm-ystcc l deposits arc riot formed uxmless then-’ individual
islands have a single uni fornm or’iemmtat ion prior to time iie-t ~ ‘rk st  ge because of t h e  d iff iculty of
reo z- iemetatnon at tha t ci cen- ’ e - .

7. F iber Textures on -c Sm ooth Amorphous Substratn-’s

As ueention e-d in tine itet r ’oduction to this section , Lien - - polycrystall ii;e f i l m s  which result  from

cit-posi t ion of crystal l ine’  ov er ’ic ,yc ’e-s on-n smooth annot- phous substrates are n -not ten --ce ’ssari ly ent i re ly
nandom .  These f i lms can have a pr ’ - f o -n ’-red crystal lographic e i ’ i e - r m t o e t  mom - n .  This p heenomen eon
known as “ f iber  texture” has Io e ’ e - n  observe d for a g e - c-c d t  mat -ny subst t ’cctc-d epos ct  combinations.
Bauer  has n-eview -d time subject 3 and has proposed a model te o  exp b o c i r m  t i-ne observed Iextu i’ c ’s . lie
finn -is tim -at th c ’re  an-c gene m c c l i v  two kirecls of textures:  r n u c l e a t n o r n— c - q u i l i b r iu n e  t e ’x t u e ’ c ’s an3 growth
textures.  Nucleation-equil ibr ium textu m ’c ’ s appear to occur in - c systems oo h iclm have a n-ugh adatom
and is l ammd “ mobi hc t \ ’~’ G r e - n - t i m  t e - x t uu - e ’ s  e e c - cur  in svstcnns w et i m low n i o h o i l u t v  where  theo o r ienta t ion
of the deposit is dc ’ t u - rnmire , -d he~’ the e - d i n - e c t i o n  of in’u p inging aI n - erue s cumel ti -ce direction of fce st c ’ st

gn-on-vthe. ‘ l Ie , ’ p hmenom - n o m m  of m i e t e  ‘n - c -s t  i - ce- re is n-b k - tmun -’ le ’a t i one—equ i lub r ium tc \ 1n- i i ’e sinece its Orienta—
tion is deteorminc-d h o ’,’ t hee-  s u b st m ’ o c t c - — o bc - h x c s  m l  nne te r f cen - -  ial t e - - n e c - o m o n e s .

The nne -chea m ni s nm of fon -mat  ion-c of a nuc l c - a t i on m -e qu i l i b r ium t ex tur ed  fi lm can be- sc-en by con-
sider-ing t u e  thin f i lm grow-ti -c oh’ a c n ’ v c t c c l l i c m e  ove r l a y e ’c  mat e r ial  on a smooth-c amor phous  sub-
st ra te  in light of the- nucle-at iore  model given -n in S e c t  un - i r i s  5 — 11 — 2 a mid V — h i —  3.

From Eq. I V - 1 O )  and th e e- a rguments  of Sc-e ’t i o mm V - i t - 2 , one sees that under conditions of low
supersaturat ion the minimum Ire-c c t m c -rgy i c u c b e - u -  or ientat ion wil l  be favo red at tine nucleat ion
stage ’ . These nud e-i will have some- part icular  crystalbographin -’ p lane- parallel to the substn-ate
although th e y wi l l  have a randonm in-p lane “ azn nu ut ima l”  or ienta tion.  As growth contimeues , the
islands n - n - i l l  coalesce as described in Sectionm V - h i - u -  and care he e x p e c t e d to m ’ c’tain or acquire
time ’  m i n i m u m  fre e energy configuration, lie -cause ’ t ime-re is rmo anus otropy in the p lane of thee-

snimoot im amorp hous surface- , the individual  single- -crystal  islands wi l l  continue to leave random
orientat ions in the p lane of the s u r f a c e ’ . W he-m’ c thee mme - tn - c - ork  stage of f i lm growth is reached,
,‘oali ’scence- of the islands effec tnve l y ceases and because ’ the islands had no preferred dirc- c-t ion
in the ’ p lan et- , a poly c r y s t a U i n e ’  f i lm results. h owever , because the’ individual island s compris-
ing the fi lm had a pr e fer red  p lane- para l le l  to the p lane of the s u b s t r a t e - , the ’ f inal  film has a
preferred cn-ysta lb ographi e-  d i r e ’ e ’ t e ’ e u e  normal to tIme substrate.

I
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I’ up . 5 — I  I. (a) Ti’s’ e -ee c ul ,- s cc - n c e ’ of a group  of gr - oo n -- in g islands is shown for the case
of rapid coalescence and r e c r y st a l l u z at i o n .  (b) The onset of the n -network stage of
fi lx nm g r o w t h - c  is showte to occur on- I ce n coalescence am en - i r e c r y s t a l l u z a t i e ’ou  proceed shoot b y
a ithm respect to p ‘co , n -  i i i .
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l tau er sh ows thua t  thins Su n i p le n m c o d - l  e ’e n n ’ec t I ~ predicts  t i m e  ec l esc ’rv e’ d textures of most vapor—

n- h e ’ t c , c c u t n ’ d  l it  e , I ( ‘C , and u o - t r , c n - - c o , c I  u u i ’ - t , e l s . and t h u ,  a lkal i  h i c u l u c i c ’ s  as deposited on smooth glass.
a nmo n -p heo us S u n - 1 ,, and amorphous carbon s m u I o ~~m r c c t c - o-o . The ncuod e ’ b also p i e - h o  ts tin- observed t x —
t a n - c - S  of alkali lu oc luc l e’s n - he- 1 ecsi t e’ol from c c o l U c e d l I s  solutions,

A Model for Orientat ion -c  oI l’ lim e — b u m  I ) e- oosi t s  one Anco n -p heou s Subs n m a t e - c
t o y  Squa n’e — ’n-~ c cn - - e ’ Su r face— lie l i e  f St m ’ o i c t u m ’ e’s

-5 cb c ’ t c e  i l , ’ c h  ni model of thee- immflue ’r ece on t he ime f i lm grow -n -he of sun-fact ’  — ‘c - i  m e t  c l i i i  to e  n-e- ~ or-c armm o c - —
i o h m c c c u s  subst ra tes  is presented ite this  s - c - ti e - nm. Gene ral cc i ’ g c i m m ’ e  0 0 1 5  give-n i n Section -c II m m m c c c ,  - o

theat ,ct e q u u l i b n - i u m  a n-- n ’~- s tcu  11 ne en-’ , ’ r l c c c - ’ e - r  should assumn- ’ a u n m i f e c n n e  on e- mt c t  d c e O c  n - e l a t e v e  - to a
su i tab le  s un ’ fccc n - - -n - e ’ i i e f  st r u c t u m-e on an anmorp heous s u l o s t i ’ , c t ’ - , The t e o m i e q u u l t b r i u n e  process cii

t t n i n m — i ’c i m o be ’ t mccs i t i o n  on- ces m i e ’ s , - r ’ i i x ’ d  n o Section V — l i  as a s c - r u e  s of s ic ’ 1c 5  ~-huch  can e c c -  c c - n e d ,  i ’~~t eec eeh

qu a lc~~c t c v e -1n - -  u s c u m p  f anm i i a r  the u -nm od ynamic  concepts. Sn- u’ b c , c cve ’ seen c m i S c - c t c , , u i  5 — 1 —  3 t I n - c t  l i c e -

n u c l e a t i o n  pm ’ocess can be d rama t i ca l l y  influenced by thee sube st ra te  s u r f c u c e - n - e - h i e t  s t r u c t u c ’ c - and
in Se ’n - ’t io t i  5 — 1 1 — 7  ‘n - c ’ have seen that a crys ta l l in e neaten ia l  oh e ’I c os  it e’oi orm a stoic ,, oth am om’ i im ,o iis sub—
s t r c c t c -  can have a f m *- c t extum ’c’ n -c hic l e  is cc c n - t m c c h l v  o r ’ c e - u m t e ’ d .  11 , - r e - it  us sheo on - mm that  a sun ,,, c — m e  i c e - f

s t r u c t u r e  ore an anmon -p hous substrate  h a s  aim in f luence  ct a l l  - i t O g e - s  cf t l e un — fu l , m  g rowthe  and that

this u n f l u e - n c , ’  cam-, result  in time  f on ’mat i on  of a s i n g l e — c  n -v s tc c i  f i lm on atm arnorp heou s ~ ii b s t i ’ c , t e -  e n - i n -h e

the or ienta t ion p r-edicted by the equ i l ib r iu mm m modeh of Section I l - I) .

1. Su m - f c c c - c ’ Rel ief S t ruc ture  C h a r a c t e r i z a t i o n

The ty pe  of s e e n - f c e c e — r e l i e f  s t ruc tu re  consider-ed in tleis section -c us an c o l e - c c l m c ’ - , o t e i o u m  of thee

so ; uc rc’- ’n - c c v e - g r c e t i n m p  s t ruc tures  w h i c h  can be fabr ica ted  in amorp hous Si0
2 

by the  t echn iques

described in Section -c III. The cross section of this in -hea l ized  a r r ay  of steps us shooc n in l ip . S - I ? .

m c -

/ ‘° /2
/ 

/

I - m g .  V -12. An ideal ized representat ion is shown of time - square-wave
su r f ace - r e l i e f  s t ruc ture  used for overlayer  o r i en ta tn on  experiments .
Thee s t ruc ture  consists of a periodic array of ve rtical steps of height ,
h; period , 5; top width , 5V~; and groove oo r c l t h m , S\ g. The ed ges have
some f in i te  rad i i  of cu rva tu re  hl

~ and H g.
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l” ig. V- 13. A schematic  representat ion of a g r id - type  square-wave
s t ruc ture  n-n - ’hich could be used to delay the onset of the n -network stage
of f i lm growth and induce overlaye r Orientation.

a ’ ,,,
ho ) i~~ t

I ! ’ !
!~

( C )  I d )

Fig. 5-14. The sequence of growth for a cubic ma te r i a l  on a square-wave
structure for the case of perfect “decoration ” of the vert ical  steps.
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‘Clue ’ step at-i-ccv n-c-ill leave a period 8, a height Ic , a top width W~, and a groove width
The corners of the step n - t i l l  also have fin - ci te  n- 0cdii Rn- ar m n - h R

g~ The deposit material wil l  be as-
suneed to be cubic  w itkm inmter fac i a l  tensions described by the polar plot of Fig. 11-1(c). The argu-
ments given here can of course be generalized to other materials and other surface-rel iel ’  struc-
tures including the sawtootbc s t ruc tures sleown in l”igs. 1-1 and 11-2.

To obtain a sing le-c n-ystal f i l nm by thee th in-f i lm growth process , the er-cd ividua l islands of a
deposit should be unif orml y oriented bef ore  the onset of the network stage of growth. Since it is
expected t h em - c t ve r t ica l  steps as she own ir Fig. V —12 wil l  direct ly influence only those island s which
co ntact  t i c , ’  st e !e . t leen ’e will be a maximum spacing of the steps determined by the island size at
the i e , - t m o o r k  stage. 1-or n-cost mater ia ls  and deposition conditions , this requires tha t the Step
spacing be less ti -can Z OO m e n , ,  (It is possible tb -cat timi s requirement could be re laxed if thee ne twork
stage c ould be delayed I , thee use of a tn -n -o - d inmensiona l  grid-type structure such as shown b
1- ig. V — 1 3 . )  Conceptually one would also want to mirth ’nize the top width , \\~~, since islands in
thu - at  region n-n- mild tiot commtact steps em cee ’  again , the n-core comp lex s t ruc tu re  of b- ’i g. V - 1 3  would
reduce this prob len-c). b b o o n - e v e - r , for ti-ce f i n - s t  exp e r i m e n t s  - n-cinirr e izat ion of ti -ce top ovidthe is not
impor tarmt  am -nd perhaps n-cot o h e s urable  since unexpe ’cted orientat i omm o - i ’h- c ts mi ghe t vn - ’ n’v n - tel l  e e c - c u r
on t hee p ro d d o u g  t ops .

The n -- o p t i m u m  hei ght of t h e e  steps is e x l m c ’ c t c o l  to be n -be t ermined  by several  f a c t o m s . As indu—
cated in ‘i “ l i c e - n o  t l— ( ’ . the ani sotropy of the g e - n m e n - a h i z e e h  in t e r fac ia l  tension increases n -ti t le the

step i d e - e g h i t .  Theus , theere on - i l l  probably ho e ’  some o m u n i n m u m  ste7 hei ght requi red  to induce  orienta-

tuon  i n anc ’e’ can’t e c - o u b c e  r - c i sc ’ . T he- snmoothness  and poss nb ly  the n -u c s l o c a t i o n  dens i ty  of the final f i lm

on- i l l  als o eiep - n n - b upon thee ste’p heug lu t .  h - o r  thme -~ e.- n-easons thee height should be neimm m n i ized. Be-

c ause  the depos it on-n thee top of ti-ce n- ‘, c t m u m o  is met l ike ly  to e x p e n- i e n c e  a s t ron eg  on’ i en ta tuona l  e ’ c t e - c t

u n t u l  ut cocl l , -sc , ’ -~ o n- t h e  t i m e -  deposit in - c t i m e -  n- n-ceo ’,-, ’ , t h e e ’  hei ght shoul n -h also be less thane  thee d y e - r o u g e ’

thun -’kness of thee-  i s l a tm ds  at t i m e -  m u o n - o n -  e c r ’ k  s t c t p c - .

‘l’ hee rad i i  of c u r v a t u r e  bl ,~ a ’ m - i  at l i c e ’  groove corners should be ccc snmall  as l eecs , S u l o i c ’ to
r n a x m n n - o c l e ’ o h e ’ o ’ o o n ’ :e t m e o i  ann-I a l e m o m o t n e - u c t  e ffn- ’cts .

N - n e c - ’ ccl m o o u  aned C ron -n -tb - c onm a Sq u a r e— W a v e  C c - cc t  c o o p
on an Arnorp imous Substrate

5 , - v - r u b  n - i c ’p osu t ion  s’ c ’ e -  n ar ios  are i l lus t ra ted  in Fig s.  V — 1 4 , 5 - I s , and V - b c  . A schem atic

top v u , -  so us shown of h m v t o e o i i O ’  - t i c - a l  p i e s-  t i c  se ’qu ( ’nceS f r o m  nu c ie at c on c  to ne twork  formation for a
cubic deposut  n u i c u t e r i a l  one a s q u a r e - on - a v e  s t m ’ o n c - t m m c ’ e - . ‘r tuc s equ ence  of grow-the depend s c r i t u c o c i l y

on the “ s t r etmgt in ” of (lie decoration of tin e” s i c - l o s  and the size of thee ’ islands at ti -ce ne ’twork stage.
If thee  r ad ius  it , is considerably less t l iane t i m e  radius  r’ of the cr i t ical  nuc l eus  of the deposit and
the deposit c u c b b c c ’ t ’ e - s  t o e  t i m e ’  su b s t r a t e , thee- corner’s of the ’ grooves should be decorated at thin -’  nud e-
, u t c c c t c  s tage he y the d e ) e ( e s i l .  If the  s te - 1c s  are s u f f i c o c - u m t l y  close together , all island s could be con-

fir m ed i c o  the stelos i t  t he  nucleation ,s t age ’  as shown in J ig. V — I - I .  It is also possible ti -nat nearly
all of t h e e ’ isla nds could he conf ined  t o e  time ’ steps at men earl y s tc cg e ’  nf  that conf igu i ’ a tnon  us c-n, ’  n - g e t  —

ica l l y f , c  von- c u d ’  and l I c e  - small island s c u t - c -  n - cob -nile sucim tha t they could migrate  n - eu the steps it’  r e —

S p e c t n n - a -  of t i n e - c r  
~~ 

t i ’ e c u at nuc l~’atc ore . ‘rhe- c - c ’ i n i f immenment  of al l  growing islands to the ’ s t e b es  is

prob eoul e iv ci te  e e ) e i u m u f l  s i tua t ion , sine -c it m m m c m ’ s  that thee g r o w i n g  islands would  cor mt enuous l  c x —

p e ’ r m c - u c o  ‘ t h e -  o c- c ’ ’ u u t m t e p  i n f l u en c e of the 0 - d t c ’ ) e S .
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l”ig. V-15.  The sequence c-f grow-the of a cubic mater ia l  on a square-wave
s t ructure  where nuclei  occur ‘ c e l l o  at th ie ’ steps anm d le c ’l ’ ,n- e - , ’ o m  t i m e st e ’I c s .
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l’i g. V - II . T u e  sequence of grow-ti -c of a cubic mater ia l  on a squan ’e ’ -ovc e ve
structun ’c where  the nun -’leatj on is ra imdom and fe on - nuclei  occur at Uee steps.
If the n et ovork stage of t imin film growth occurs before the islands contact

the steps , as in (e) ,  om iented growth would be un l ike l y.
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The min imum free c’nc- m-gy e q u i l i b r i u m  orientation of a cubic island at a step so i t h  thee inter-
facial tensions assumed ovould be on- m t l m  {100} parallel to both the substrate p lanme and the step
wall.  Ire addition , it is easily seen that ti-ce free energy of an-c island n-v ith the equi l ibr ium orienta-
tion is smaller at the step thman on ti -ce flat substrate. Thus , as coxp la in’ued in Section V - B-4 , un-
der conditions of I on - n - - supersaturat ion and small Hg compared n-vith the critical n u c i e n  size , a
cubic deposit should preferrent ial ly nucleate and grow at the steps with the equi l ibr ium orienta-
tion. Under tieesc ideal conditions , the oriented deposit would nucleate and grow from the steps
to fi l l  the grating groove s ovith  sing le-crystal material , which would then grow to cover tIne ~op

of the grooves to yield a uniform sing le-crystal film.
If decoration of the steps was not perfect  and islands also nucleated in time groove area be-

tween ti-ce steps or on the grating tops as shown in Fig.  V-15(a) ,  the mobili ty of t ice islands would
p lay an important role in de termining time gron -o th sequence.  If time nucle i  were  highly mobile ,
they could mi gratc to time steps and would tend to becoc-n-ne fixed at ti -ce steps because time step lo-
cation is energetically favored. If essentially all of the n u c l e i  on - ere confined to the steps in this

way , growth would proce ed in the way shown in l-’ig. V - 14.  If the islands were n-cot mobile, growth-c

ovould proceed unt i l  islands contacting tb -ce steps coalesced on- ith the unconfined islands at which
time the compound islands si-could take on the mirm imum fr-ce energy configuration in contact w ith
the step. This sequence is sb -co n-tn in Fig. V-15. As the oriented islands in the grooves grew
above the steps , they would eventually contact thme unor iented islands on the top of the grating.
Upon coalescence , these islands si-could also assume thee m in imum free energy or ienta t ion if re-
orientation was not inhibited aced a single-crystal film would result.

If nucleation was random with fc n - v nucle i  occun -n ing at t h ee - stc ’ps and the islands n -n - cr c not
mobile , the orientation effect would be considerabl y reduced. Thus s i tua t ion  is il lustrated in
l i p. V —16.  As nuclei grew and coalesced , theey would tn- - n - cd  to reced e- f i -on c  the step. The reason
for th is is evident from Fig. V -t O .  Time position of th i c  c c u m t e n ’  of h u e  island result ing from the
coalescence of two islands tends to be at the “ center of gravity ’t of the two parent islands. Thus ,
an island which was originally near a step but not contacting a step would tend to move away  fronc
the step because of the unidirectional population of islands. b -v en tua l ly  t ime ’  islands n-c ould fill ti-ce
region between the steps and contact thee vertical walls of the step. If th u s occurred an- an island
size such that reorientation was s t i l l  possible, the island could then assume the oriented equi-
l ibrium conf igurat ion as shown in 1”ig. V-16 ( f ) .  The o r i e n t e d  islands in t ime  grooves would then
grov,’ to contact the islands on the top of the gratings , etc. If growth shoul d proceed as in
Fig. V-1 6(a-d) ,  but the islands did not contact the steps before the netotork stage was encoun-
tered in the grating grooves , the mergenee of an oriemmt c ’d f i lm would be unlikel y since time r an-

dorn ly oriented islands between the steps and on top of the grating would be effect ivel y locked inn
their random orientations before they contacte -ul  the steps. This situation is illustrated in
Fig. \‘-16(e) .

It is of course possible that a randomly oriented f i lm result ing frone the above scenario could
be annealed after deposition to yield an oriented equi l ibr ium configuration. In fact , there is
considerable experimental evidence tha t randomly oriented continuous polycrystalline filn-u s of
several materials including Au 77 tin 78 and silicon79 on amorp hous substrates can undergo con-
siderable reorientation and acquire strong fibe r tecct u n-es dur ing  annealing by hmeating. It is also
known 8° that water-soluble f i lms such as alkali halides can be annealed by p lacement in h mumid
atcnosp he res.
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I). D ep o s i t c em e  of n- ’ r v s t a i h i n c ’  O v e rl a y e r s  on Sq u a r e - St a v e  Gra t ings
in -n A n m o r b eh i o U S  Sue ~ , - — Exper m i m s e - u c t s

I. I x ( . - - n ’ u n - n c ’ - n o t a l  b ’ i—o c e d u m ’n - ’

‘Fi ce ‘ ‘0 - ’ r i l ’ n u e ’ u e t c , l 1 ct ’ce o , obod re used to e m v e ’ s t m g a t c ’  the deposition of thin solid films on square—

on-ave sd  c m , , -  c ’ — u - c ’  m e - f  s n - n - c m -  t oe r e ’s is 0 o o c t i i u u e ’ o h  in 1- ig .  \ — 17.  The su r face—re l i e f s tructure is f a b r u —

‘ci t , , i  in c u l c e ’  ‘( ic ’  ‘ ir ’ Sd ‘ , esm a s u i u c o n  s u b s tn a t e  usi n mg time n-cethods described in S e c t m e n m  Ill. ‘Fh e’

cac , 
~~,‘,T n-

S- ~-RF A C E
0 e o n - c

L 
ST R u C T L o R E

~ en-

( 
5TR ~~C T J R E  

‘ cc  -

l - m ’ . V — l 7 .  T i m e  proccdux - e  used
for m v e - s t  cc’ c c t m o o p  t i -ce  e f fec t  of - , - -

s m c c — u  c i c  t g u  a t ings on thin b 
“

~

fu in m n on - n - t i c .  C~~ , \ On- So

n - - A n-’ ~ C
- E

A Nd , C
D A T A

eve’ ric e — c ’ n ’ n ea te r i a l  is t i m e - n  deposited on time s u r f a c e—  i- c h e f  s t i-u cto ,cre.  o\t t h i s  po i tmt . n - Ice  r n - s t a b —

i m o m t v  of n -he d e v e r i a v e ’ r  can be c ’x a n o i n e d  u s i n g  ‘e ’ I i c m ’ t m o m o  h cg h — e n e - r p v  el - n - l i c e  d m t f r , o c t c o o m s  ( R I l b ; I , l ) i .

- Si t e  r n c c t i v e  iv , the san’u p l~’ can i c e  thinned by selectivc’ i v e ’ t c i m i u g n -he si licon ace c v .  After- th inning.

the depos it and s o m r i ’4c o ’ e’- re l i ef  s t i - u c -tu re  ca t e c~ ’ observed in a t r ansmis sion  t ’lect ron  roncro sc000c ’ .

At the same t m n c - e ’  - s e l ec t ed—area  electron d i f f r ac t ion -c  can h o , ’  p e n - f o r me d t ’ ’  o he ’t e r n m in e  t i m e c r v s t a b -

h o  m o n - v  of the deposit.

2. Dec ora t i on  Expe r imen t s

The proposed op t imum growth sequence on a squa re-wave  s t ruc tu re descr ibed in Se-c-

tuon o V - ( ’ -Z and i l lus t ra ted  in l-’ig. V — t 4  rel ies upon strong decor, .tion of the grating steps at time

o c i c ’ Ie  a t m e o n  stage. Because of the pe rceive d importance of decoration in n - te te rm in ing  the gron -n - th

sf- q oc ( ’ ne ce , a ~t t m o h v  of t h e e ’  d e c e c - a l c omi e f f ec t  on--as , - e r u c l o m c ’ te ’o :l .  )- ‘ rom the classical therm odynam ic

analysis of nucleation and decorat ion presented in Section 5 -B-4 , it is seen that a cr i t ica l  param-

c-n-e r which determinees whether decoration will occur is the curvature , H
g~ of the p r o c t e n g  groove

corner  as compared with the size’ of tb , e  c r e t i c c o l  nuc leus .  If the rad ius  of curvatu re . R g us

s r ; o u i ( e r t h a n  the r ad ius  of t i m e -  c r i t ica l  nuc leus , o i c ’ , ’ o o i ’ e l i e o u o  siuould occur .  If It is larger than

the  c r i t i ca l  nuc leus , decora t ion  is expected to be very weak or nommexist ant . Thee cr i t i ca l  nuclei

for mater ia ls  cheposited by evaporation or spu tt e r ing  in heig h Vacuum are believed to Ic e ’  smaller’

than I nm. At the present , the resolu t ion-n  of d i r e c t  u i o e t ( e u e o b n -  for view’ing see t ’ f c i cc ’ -re ’lief s t ruc tures
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V o n ,  5’ — t~~. Tine 1)i-ee c’ c in - e n-e ’ c i s c - o h  e o n  I e n-’ . S — h ’ . l’ m - an sm ission e l e c t r o n  n o m c i ’ o —
i’:c l i ’ i c o e t m u u -  s q u a n - e - — c o c c ’ .- e sun ’f :cc c ’ — n e ’c e l c i c  -‘I ’ gold ~s i , o o m o iS one a cm c c n c o r ( o m m c o s S i ( I d

reli c- f s t i -ue ’tu res. sod  u ’t ’c c , ’ - ’,n- u t l  a I .  -~ — i o i u , — o l e -e  d , 320 — u m n c — - n c e  i’ied ,
s pear ’  — n - c e o ’ ’ -  s m u m ’ I’:oce  — c e - l a  f n~ ’, c t m n g  ~c l o i ’ i—
e ’ n - mt e ’di  1 u S i i 1 ~.L i o n - c — i o e ’c c n c  e - n o h m i n ’mg. ‘l ’i ~ e o c c o n c u i f i —
c c , l m c d u  is A l d O l— ,\ .
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F ig. 5 — 2 0.  Transn - cms s  ion i c , , t m - c c - n m  I m m  . 5 — 2 1 .  Trammsnm iss ion o l e ’ c t  ‘co o rnic rem-
mi c r o g r a p hm of a gold de posit  1.5 mine c, m’ ,c j c lc ef a gold deposi t  on a “ — u u m — c i , ,  c -

cv e ragf” t h i ckness  on-n a s e b c u : c n - c  — w a v e  ~- ( m — u e n m — p c - r i o d , S q u a n - c - — 00 0lVe o:u’ , c t n u c c  in
m e t e  c ’ su r f a , ’ ’ — c - c - I c c - I ’ S I n - o n ’  lu r e  t ie  amorp hous Sun-  f a b r i c a t e d  c n s m op n ’eao ’ t n v e ’ —

S it  c c  m c c l  c i ,  c u t  - - I bc ’. l i f t — o f f  c c l ’ c ’vap o— ion ‘ - t c i m m u m g .  l i c e -  average g i l  thuck emes s
ra t ed -~i e O c , T i m ’  ‘ c c i  m u i m  -. i e j e t i c  is us - ( , 0 c O n .  The- magni f ica t ion  is - 115 I
- 10 ti m and the ,- , ‘ m d  is ‘c20 nne .
T i m e  - m a g n e i f u c a t  ion us c I- ,
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i c-i uneade ’quat e to ,ic ’t c ’ m ’ n u u i n e  ct , ’ e ’ C n c ’ c c t e ’ l \  t h e e - n ad i i  of c u r v a t u m ’ e ’ E n- 
anal h i .  l ’h  31 anc d Si ,‘OI e e i c s c - u v c u —

t iot e s  m u m d u c c i t e -  that  am - c c c j d l o e ’r h ermit  , e u m  II fo r  t i m , ’ i c c ’ ~~t m c i t r u e’tu r’v’s is ° ‘~ on e.
g

h o e  c i e ’ t e ’ r n o o inee on- iu e t hun - -n- d,’ - ec m- c e i uecme we culd occun- on are am-ray of steps fa b r u c cute ’d  by tine ’ te c h—

nm i qu es  of S - ~- l  d e e m  Il l , S e n - c - n O e l  e ’ x l e e ’ n u m e m e t S  w e r e -  00 0’ t c ’ O ’ i o d , - o i .  Time l e n ’ s t  o i e - c - , , m ’ c c t c , c n m  e - x l e e ’ n ’ m n n c - u m t c c

oven -c done u s i m m g  gold because of t h e e -  ease ,e m ’ o , b o s c - c - v c c t i o m e  of sreeal l  islands inc time ‘ I i  O1 due t c o  tic-

m c ’  l 0 c t e v c ’  Pc’ b o o m - g o ’  scatt e i-tn ig of c ’ i c c t n ’ e e m c s  he ’,’ gold. l u b e - p  t ex tun-es  a it l e  a a 111 ‘° e i u n - e e t i o n  n m o r n m m a l

to cc os io oo e ,e t bm Sic , s u b o s t c ’ c c m e - c c n e ’ o ie s e ’ u -v e h fon -  gold , thus tine min imunm n m i t c ’ c ’ f c e c - c a i  t e - u m o ; u e o n  e e l  gold

wi th  Sit  0~ 0cc - n - c c ’ s f o r -  -
~ I l l  pan-allel in -c t i m e -  c i t e - i - I c , , ’ , - . I b , e w e v e - n ’ , t h e -  c c c m i s o t  i’ e e l c v  oh’ t i-ce ’ i nter fac ia l

t e rms  e , e u l  of gold us sc u c c l l .  inn  fc c e ’t , t i d e ’  ,I~ ‘e ’o m ’ at u e o i  ph eenome’n omc for gold can probably be- accur-atel

modeled he r assumimeg ame i so t rop ic  c i e t c ’ r f c c c -ia l  ten - cs ‘ 00 .  t s i m m g  published values of inn -en - fac i a l

tene s ion -c fo r- goi ,I  c o o n - I  S m l  O~~ - ti ne - n-- c j ne t io t c t  are g h- n-cf m io el e l on Sit, )
2 is , ‘o-o t m n o o e t c - c h  t e e  hoe  9 (C - . l” igu cc 5 —7

e - n m c h e c c c t , ’ s that  if h i is s u f f i c i en o l ’- sn-ca l l  c h ’ - e ’ou - ,e t mn -n c sieouhi  he - Ve ’m ’\  SI i’ccng . I ~ -c c ’ r c c t m o o o m  e ’Xpe - ri—

m o m e n tS  , o e ’ r - e-  lone - on sc~UO1 o ’e —on - c un - ’ e ’  S u n -  u~ s n - i c e - t u n e - s  fo ch i ’ m c - c e t e ’ c i  1ev thn-ee di f fe i—e n mt  techniques. Ti-ce

pm-dec - c- hod re-s m n se ’n - I cure o ’ o m t l ined  inn h - m m ’ . S — t o . I I e - t c ~ cia of tie,’ t e - -h meiq ue s  c u t - c’ given  in Sect ion Ill .

h i - i c - f i n - - , c c t_ ~O—nen n — 1 ce-neeeci g m - outdi d ’ O m - -. e x 1 , e c s , c h un i h ’ ol - \l~\ usi cmg Cu
1 

\—neov lithogroophy. t im,-

I ‘SI SI ,\ on- ou s t h e e - t n  used o h  ir e et l v  as cute , - t c - h u u t c p  mask  o h u r i n g  ion—beam etchi ing or n-n--as used te ’ d , - lm n e -

a g ra t ing  st r u c t u n e ’  in-c , c u o , e l I  c - n ’  n o o i ’  ‘ d c c i  h c \  r i m ’ - l o f t — o f f  i’ c o o - - as .  - S squc e i ’ e - —oc c cve gm ’ c c t o omp - c t i - u c t m m m - e -

i n a n m o r p imous S m (  0 , n-n - cs e i - e ) n - i O d o e d I  c v l i f t — e ’ f f  e e f  c - n - - c, o e e n ’ o c t e - d  Smt  -\ t bnur ch  f a h i r u c a t n o n  nn e ’n -b io d also

us ed the h i  f t — ‘ fm pe—ocess. -5 11° — n m ° u — t h i u c k  f i l m  of c’le r onmi  inc was e ’ v c c i m o r o i t e - n - h  ove r t I m e -  I ‘SI SI~\

st ruch o m n’ c -  a n -cd I mf tc ’o.i off t e e ‘n- c c - I n - h  a c- i - c m-o n - c e ium p n ’ c c t  m i m p  on t ine ’ 55 , subs t ra te  n--v hu c h  in tu rem was used

ces cit-c e - t ’ I i m r o ~ mask d u r — i n m g  n - e’ c c e - t m n - ’ c - — c n - o o e ’ t c - i e c m e g  of t i c , -  Son - . l”ollowimig nece , ’t mve - —ion — c ’te ’i muuc p,

t i e , -  c i c m - e u m o o  m mcm so ce s m c  - m u o n - e v e  ‘ o h  us ing an aque-ous chen ical e n - c ’ he. ‘F l ee ’ s , -  three c,i nile n-e el  s tm uc tures

w i l l  lx ’ n- c - I’, ‘rmr’ oI to ocs l b s  m e n - n — h e n r i  — o - ’trhe ’d , l i f t — o f f , an n-i m e ’ a c ’t evc - — i o te — e ’tc le e ’d  so, i -m n t u  u - c ’ s .

he’ e ’c uise on ’ t i ne  t’ c - o h e - 1u r e ~~i t a e n  , t l ’e - n - - l s  h m s c -n - m s s e d  in c S e - c - t m e o u m  111—1 )— I , the e n o r i — l , e - u r u e — e - t c l u n - - m i  a t m — s n , - —

t n -i re pn - oho o ih ln - -  lead t i m e - P c i - n e-st I l .  The e p c m c i m l e -a  of l i m e -  I m f t — , d l ’f and i’ ,’ , c ’ t o v c - — ion—e tchee ’d s tn u c t u r es

mon-c closely app r occc he e ’ ei thee md -a l  squa re— on-  cov e ’  stn -uc’tum -e and bi g f or n - h u e ’ s , ’ s t i ’ n - m e ’ l o i O ’ e ’ s  wc us  p rob-

ably s e i n e - o n -  ha t  smal le r  I l i c e - n i  thee h i  of t ho - iomm—k--am—etcieed structune .p
~~i c I  o n - a s n - k - l c c e s  e tc ,1 on-n the al  o - o u ’ - t m n  “ ‘s I o n -  i o r n — h ~ - o - c n ’o  sI- cmn t~e r ing.  Ti-ce subst i-c cl e ’a n-n - e ’re ’ hmeat ed

to s300’ e . l i c e ’  d ie  ( 00 ,5  d t u e m e  rate was - (0 .1 o o m o - - s e - c  . A u c c eve ’  n c o g e -  t h ic kne ss ee f  - 1. ~ nmrn of p ee lc l  was

dc- p o s i t e d .  (TI -ce ic - - n o o o n - c m t m c e c  parametem’s cl osely cc p l m n ’cexcnuoat c ’ tleese used by I P e s s e ’ t t ’ fo r time ’

- h e - c ’eo’ : o d  c o o n  of , - l e - c e v c c t o c 514 (000 On \ ,c ( i show- n in -n I a .  \‘~~ _ I • )  l- ’o l loon- c m m p  o h ’  0 0 0 d m t O e o - n o , thin -’ s n - d I o ~~t i - c e t ,

sn- cia a l le e s oc-cI t o ’  coo l slow -b y to roone t o - n o p e ’ u ’ c m t o c o ’ ’ - . The’ subs t ra te  was  t h e e - n - u  thin med h e r  c o m i S c o t  m ’ , e ( o —

icabb y , t , I0000 i ti~ 
- a uluc one us amp tic , - m o ue - t i ecc , hcs described in Sc- c - I  mn-n o I l l — V  ame n - I Appendix -5. The

deposit was examined in a T L S t .  \ iu c r o g r a phs of de posits on ti -ne ion-ix’am—etc iee’d , l o f t - c e l l , and

r e a c t i v e — c e o - n o — ’  t o  i n c - o h  st r u c tum ’c - s  e t c  shown in l egs .  5 — 1 9 , 5 —20 , and S —
~~ I - re -s p e ’ c t i v c n-- . ‘b ’he

seze ’  and st-cape of n - i c c -  islands c o o i m o , e t e - a  that  son-ce c - e e c e le ’sce nce has c c b m ’ e - a c l ’ , , c e ’ c ’m c t ’ m ’ c - o l .  ‘- n - e e o c ’  ee l

t l ~ e ’ st ’ m ’ t o e  res ex h u l c i t  at  ‘ ‘ ‘- m n  oh ’ ‘ ‘ c t  c oo .  Thee ’ is land s appear  t o  have avoided t h e , -  steps in z - cl l  of

th~- f e p u  ‘e - a .  This  us probably c ’ x ( d l c c n t m e d  cv the c oalescence ‘ f l e e t  c l iu s t r a t e d  etc  1- up . 5 — I ’  where

nuc lea t ion  us r o c c o c  i c e n n o  and c - c e ; ,  lu~~cc ’t 1c - c-  t o - u d o  is  to u u c o e l ~e t Ime e slands  rnigrat( ’  toward their  c e m m t e  m ’ of

p m a cvi t o ’  a nn-I hene -e o c o n - ccv from - n - n t h o c  - s t o - 1o s .  Tin- lan-ge - is bat -cc ] size- and nec-crc p roue ee u :’ec ,’ oh avoidance

of l i m e ’  ste °~ 
i n n - I c e  case c e f  thee ’ t - e - ; c o - t i ve — i on—et c in -d  at  m - om tccr e of I- cp . 5 —21 m a exp lained he the fo ct

that t h e i s  de position so ce o-s donu ci t  c c S i e l c o -o t n c , t e  t c ’ t i u 1 c e -  r a t i i n c ’  of 50(0 ’ C i- e ’ r SU s 300- C for the dl h o ,

st  u - c n o t o m u ’o - C s . ‘Fhe l owe m -  de ns ut of islands in t ie - h i - ca ere ’s r e - i - s u d s  tine g ra t ing  tops in l° ig. 5 — 2  I ma

i cn -eleo ul o b v exp I ;e000c’oi hc ~’ - - ,o ot .ctOoo n o, e t ion in thee-  g r o c c e v e - s .  I ‘c s s u i o l ’ e’ a layer of coe r bon was deposited

in the p n - e c e v c ’ s  du r ing  r e - c o t u v e  — cee n —e t c l e i no i -  n- I t  carbon was 1cn-eSecet , l I me’ lower d e - m e a c t y  of n e u c l e n
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would be cons istemet on- i t i m  gold deopositio ni expcrineents done- on carbom e sn - i - epa  o i c - f c m e e - d  ore an SiC) 2
substrate hr l n - f t — e c f i . A nmic r - c e grap h of l i c e  resu lts n - c f thuis  c - x 1 e e -  m u c u m e ’ n e t  is show-n in l ip .  S —Z ~ ‘n - n - li u cic

sh ow’ s a much  low-er du d e - c  de,- n m s e n - o  on t ine-  carbon -c Sn - n - ups .

_~~. S SAl

- i- ’cg .  V - 2~~. Tr ansmis s ion  eo-lectron m i cr o-
- grap he of n-u gold chc’p o si t  of 1.5 rim a v e - c - ape

- thne ’k mm ess on an Sit) 2 substn-ate on w ’ h m e h i  a
- . - - 32 0—rei n—per iod p ‘ c t  m o m s  of 10— n i r n — t b u i c k  c a m ’ —
‘ - 

- 
- hon strips teas h o e  -c oo c i e ’ i m u u c  -ml  by t i m e ’  l i f t—off

- b i d  0 c c - C s .  The h e o o n - ’r island densi ty  occurs
on t in e  c o o  i ’ l R o n  s tr cps .  The magn i f i ca t ion  is

A sl i g h t ly  h ig lme -r  dens i ty  of i s lam ds in the g m - e c o v e - s  cit  or n c c u r  thee s t e -p s  can be d i scer tmed  in

some areas of the rn icrograp hms p a r t i c u b a m l y  for tine ’ l i f t  -off stru -tur e of l eg. V- n - LU . ‘i ’his may be
a n-teak n - i e c o n a t i o n  o ’ f f c  c t .  The lack of stroxmg d ecor-an - ion -c is pn-obabl y due to the small cr i t ical
nuc leus  size as compared with thee r adius of ti -cc ’ co rm mers  of n - l ie  Si t )

2 
s t r u c t u r e s .

The fact that strong decorat ion -n does not o ceum - for gold us d i sappoirmting because it us  b e l i e v e d

that the grown-Ic scenario of I- ip . 5 - 14 , on- iee’ n-e orie nted gro ovt iu proceeds Iron-c the steps , can-coot be

rea l ized for gold am-cd other mater ia l s  th at meuc lc ’a te in c the’ S o c f l u e  fashion . Ne ve rtheless , as shu oov n
in Section V - ( ’ -2 and l- ’i gs. \ ‘ -1~ and V - i l - , orientat ion could stil l  o c c u r  during the island growth
and coal,’s cuoc -e stage even in time absence of decon- m etcome.

fu r t h e r oh --posi t ion exper iments  of  gold on square-wave struc-ture s  on - c m ’,- not done because
the w e l l—k m - no n - tn ( I i i )  f ibe r  tc -d - c t cn re  of gold on Sifl , is not d i rec t l y compa t ib l e  wi th  the square—
wave s t ruc tu re sl ime-c  t ie , - angles beto n --ccn ( i i i  planes do not equal  90 I c - p  and s t rong a l igmmn oe n t
e f fec t s  are not expecte - o t .

3. i ’ etasseurn Chloride Deposition h- xperim e-nmts

The alkali hmalic lcs deposited hey evaporation in Imi gh vacuum or fro m -nm an aqueous solution are

known 3 to exhibit  stronm g (100) f iber  s t ructures  on smooth-c amorphous nmat cr ia l s .  Deposited on
a square-wave grat ing s t ruc ture  on SW 2, they sh ’uou ld or ient  n -t i t l e  ~ioO) paral lel  to t ine substrate
and 0 , I i d t ) ”O paral lel  to time groove direction.

Deposition from solution is convenient because ti -cc- deposit can -n Fee un - pplied . examined , and

reneoved without  damaging ti-ce substrate.  Several deposit ion , ‘ x j e , - u - m n i o e ’ o o t s  can be performed on
th e” same structure.  Unfo rtunatel y, deposition from solution is diff icul t  to control and if small
deposit islands are to be obtained relat ively high supersaturat ions must  be achieved durin g de-
pos i t i on ,  These hi gh supeo m- so cturoetions can be rr- :el ize ’d by n , c l c i ’ I b y  e ’vapoi’ating tb -ce water  fr-on-u
a thin  layer of sa turated solution p laced on the surface-rel ief  s tru ctu re. This process is by its

nature unco-etrolled. However , w i t h n -  this deposition process small deposit island s can hoc ’ obtained
con s i s t en t ln - . Deposition by the m -nab  evaporation in hig h-c vacuum can hw ’ controlled wi th  ge-eat
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precision. I)cpos it ion m time’s aimd c o l e - S  0 d C ~C ’ eas civ ne e-a sumc ’d. b l o c s - , e ver , t ie ,  - n o o n - c l  on l i l y  of ho e de—

l e o c s m t  is mu c h i  sn aller n-turing vacuum o -n - ’ c c l c o o m ’ o e t m o r d  theme during deposition from aqueous solution.

A practical d i f f i cu l t y  ccssoc ’ ccc t e- d ovit ie vacuum evaporation n-iepos i n - c omm of KC1 us that KC1 is hydro—

so -ep ic c u e d  i t s  I o n - c - s c - i cc ’’ ’ in a VOt e -n -d iem a v a t c ’ i i d  e ’ c e n m  de ,o g n ’ o c de’ t h e e -  v ce ruur n  p en - f on -m a n c e . Fon’ t i o c - s o -

i d  c , ~~c e O e 5  e l I  e l e h e o s i )  P d o es of KCI w e - u , ’ done t ’ m ’ c c c m m  oeq ueoua solutions.

Tlee sn -e n - f a c e - r e l i c ’f stm -s nc tei m ’e’ s used for k(’l depositions 0 cc -n-c- fabricated using react ive—ion

u c i o l o m p .  ‘F lee -  Si( ’ , subs t ra tes sns c ’oi on- c - n c ’  f i lne e s  100 rum th mi ck over a 100 — n un - n — tb e i ck  amorp hous

Sm fil nnm . iboth films soc -c - c ’  gc ’oon- m e 0m m a -~ i t u n )  — orienet c’d sil icon so me f e - c ’  Icy  a commercial  e ’i me  -m oe  m e - c d

vce (oc en ’  depositio mm process. As i l lus t ra te d in 1-m g .  V - I S  am i d den -tai led n -mm Section 111. a grat ing was

exposed in t ’Sh SI -5 using (‘u 1 
N— coc r l i t i m o g r a p hey , fo l lowed  h ey l i f t — o f f  of 10 nm of ch romium , fol-

lowed b y  r e - c c c t i v e ’ — i e e o u  o - t c - i u i u e mo of the ’ Si(  0 , to cc d e p t h  of 2 5  rem in ( ‘UF
3 

gas.  Thee ch romium was

o - o - n ’ , c e o v e ’ ch n-v i tbe an aqueous chi-omium c - I c - h o  urech thee su h o s t  m o c t e - n-n- as thoroughly rinsed in 0 O l e  0 ’ .

‘ 1 , - t o  ru m o f n - - i e romium n ann n - h  100 ten -c of gold 50 , -re e’’.’o c b e o n - c e t e - c h  over t i d e ’ e n t n m - e ’  p m - m e n - c o o p  area to cc c ’ t as

cc p o ’ e l e ’ c t e v e  covcr imeg d u r i n g  ameiso t rop ic  e t c h i ng  of ti e - s c e f o s t  r o i l , - . The si l icone u l m c i e r l ’e’ u n u p  11c c ’

h i  3 N 1 am-cd Sit) 7 f i lne s  n-n-as e t c h e d  OeOVn-e V using e’ t b o v l , - u o c ’ dia neine en ’y  n-oe - c e t e c c l m e e l  ( s ee ’  ,-\ p p c - n d  cx ,-\).

Alter etch ing of the s i l icone , the gold ared chero rn ium m’c  s o c - n ’ - removed hr o ’ h e c no  m c c c l  c - t e - i m o o m p .  l i c - c c imc s e -

time ’ substrates  on- - c - r i -  non -v only 200 nne thmick , l i c e - v  could b c ’ v ie-wed t o y  t o - c e o o s n - i s s  ion electron mic ros-

copy on s i n g  both -c conventiona l TIP’ S  and STIP ” cI  s v ’ - c t o - n o - s ,

Thme Re , ’I was deposited he y  f loodi n mg ti-ce Set )

~~ 
grat im eg so in -h e a solut ion -n of K(’I in o n - c i t e - i ’  and then - - t i

ge nmt l v  blowing c i t i - d o g , -  a gas over it t~ ’ pn -onmote o v a  cc~ i - o ct d 0 0 0 0 , supe n - san -u rat  u o tm , me nd ,‘ n ’ v a t c i  I p n - n - o s ’- t i m .

h-~xperiments m n d c c c mt e ’d  that cm - n -  sta l  o m - c e n t o o t n o m e  in -n t I m e ’  p m - c i t  m u e p  ocm - , - a  was un co n -r c ’  ic o n - c- cl on - uthe t h c  -

bloov ing di o - c ’ c t m e ’en . Prior  to st e i ’ o g e -  in a d e s e n - ’ o o t o o m - , w h e i b e ’  o v a u t n t e g  Ion’ ob sc - rvo ut c on in t h e -  ST 51 ,

thee samp le n-c oca un -navoidabl y -xposed t o o  a hen - ire -n in - I c o n - m i m e  c s 1 o b m o  i- c -  io n- a be on- m inu tes .  Tb ec s 1 0 5 0 c r  hccve

i-es u ite n -t  in some a n n e a i m n p  of t i e ,  - depos i t .

h° dn - mc o— e ’ V— 2 3 is cc se -annimmg t n - ,comsneis SuOmi e - i , - o - t t - , c t m  nu icrogra p he ee l  cc i”,( ’l o h o - a e o s 0 1 0 0 0 0 c, l ’ Ime ’ sides

of near l y all of the r e c t a n g u l a r  Vt - I is laneds 0cm _ c - c m i  e p u m e  - c i  c , .  m c c  l i e  - 1  m~n n-i pe rp erm d in--u lan’ to n - I c e  - surface-

n u -c cti oi n’, V in-tin s ell y all of t I m e  sn all  us  b c c u , o l a ’  c c c ’ leo - a l e - o h ire t i c , -  g m - a t inm g grooves t o m ,  i n g h t e r  s tr i pes) .

Sc I e ’ e ’ t e n - i — o e m - e - a  e lect ron d i f f r a c t i o n  1e c t t ’ - r n s , t a k e - n e  in c  a u c - o c i e o o n i m p  t n - a o m s 0 0 0 m s s i o m m  o - i c c t o ’ c ’ o O  m i c r o —

sc o c ( o e - , c on f i rm  n -heat t ine ’  (100) p lammes of thee e ’ n ’ \ S t o e I I  i n - c  s ceo - c 1 , 0cm - a l l  - 1  to t h e  suh ostm ’ c o t ’ -  su r face  and

thee <, 1 ) 0 3 0  ‘ o l i n - c ‘ t i n -ot i s  a l e  nor m al to thee ’  f l a t  sin - ies of l i e , -  n- m ’ v s h c u l i m t c ’ s .  ( h u n - s u n - i c -  thee gm ’atiog c c r c ’ c c ,

thee (100> o h  e m ”  - o n -  c e e u o s  n -e l t h e ’  o n - ’,- s t a l l  e t c - s  sieosved n-co ; o m - e - f e r r e d  o r i en ta t ion  n me t ine ’ d l c e o e c  - of the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I c m - . V - i i .  Scanning t r ans n m i SS i Onm ele c t ron
rograp h of N( ’l c rys ta l l i tcs  grow- n one a -

32 0 - r i m  s p a t i a l - l ee -n o d  square-wave  sun - f o e
re l ief  g ra t ing  in art mo m ’p hous S d ( u 2 showing  t h ua t  - ‘

t he -  g r a t i ng  ieas induced an , n - m o - i u t , ’ o I  c r’,’ ,’t ,u l -

growth where  < 10 (5 >  n-h i rections are paral le l  -

to the grat ing n- - i ’ee0n - ’c ’ 5 . Thee grooves are -

n-~ ’3 nm o lee p and h ave the’ b ig h t e r s hm d en g .  ‘rhe
c ’ b e c - t n - e o u m  neicroscopy produces son-ce n - h ec or nm - 

-

pos ition of thee” K( ‘1 e’ r n - - Sn - cc  l lites n - lu r ing  view-
ing b e a d iu e g  to n -hue serrated edges of some of
thee c u ’ v s l o c i i m l c ’ s .  -
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F ig. V - 2 5.  Three t r ansmis s ion  c - i c - c - n - r o me m i c r o g r a j c h u s  of d iff e rent areas  on ti-ce same
substra te  oem -c -  shown of KCI e ’ t - r s t a b b u t e s  grown on a 320—nfl -n  spatial-period square-
wave su r face - re l i e f  g ra t ing  in am orp he ous Sit ~2 ’ Thee ’ gn’ooves are 25 nfl-c deep a r-cd
have n - to  - l igh te r  shading.  (a) The f i r s t  area v i e - s n - e d .  (b ) TI -ne second area vc c ’o o e’d.
(c) The t h i r d  area v i e - so  c - c l .  Very  bong “de n d r i t u e ” c rys ta l l i t e - a such as seen heer e in
(c) tend t o o  break up into small  e- r’n- - s t m c l l m t e s  d u r i n g  anneal ing.
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s o u l o s h  r o ot , - , 1, - S um eo~~t i n - ’c c 1 nmicro gr a~mh of a K( ’b deposit on -n a f h m e t  SiC , sub s tm’c i te  is sho w -mm in

I- eg .  \‘ — _ t- I . )  A s e i ’ i c ’ m - c  of (‘F h P ’ S )  m e m i c r o g r a p hes of diffe rent am-eas of Vt 1 s h e - j e o s  i t  on-n t b - ce-  ~,- c e n i c c -  s ane—

p ie ’ are sh o w n i  in - n 1-’ig. n-n- — 2 ” . A i i s t o g r a nu  of tine measun -ed deviation of the (too>  d i m e - c t  m o c o m  of

t ime ” c i -y s t a h l i t e ’s  froree the e - g i ’atim n g gn’oove dc u - ec t m n - e i e  us showne in I mp.  c — n - Ic  . The e ’qu iv a l enmt  randone

d i s t r i bu t ion  is also p lotted inn ti -ce 0 c m ’ c n  ‘c.

on-0r - -

,~0 
~~~ 

C4d ’~

04 0

I-  m p .  S — l u  . A p lot is shovn - me of tb -ne -
~

n easu ‘c o t  c i c ’v i oe t i on  of the (100> ‘

din-ection of thee KCl crystailites 0

from thee gr a t ing  groove direc t ion -c  
~ I

ion’ the n c i c  rograp ies shown in > E Q U O VA c ,EN T
-
~ RANOOM

1 in - ) . S ‘~~~ ‘~. 
- - OcSTR cB cJ T ’ on

0 - 
, 

~~~~~~~~~~~~~ ~ -

o d e n - A l 0 0 0 N  OF - - <000) 0 ~ - °M 00, 0’ iN, - 0 ° d R ’ 0 I ’~~ c 0dC ~~

Because ti -ce snmeal ic ’ s l  i s l an ds e e i o s n - ’ m ’ n - ’e ’ c I  in - c  thee n mi c r og r a p hs oe n-e located at th e , - steps and

mm e an ’ iv  a l l  of ti-ce islaneds are i e , c c c i c ’ o b  in -c t ime g r o u t  m u g  0 i ’ O o e v c - S  , it appears ti-nat t i-ce steps may imave

been “decorat ed~’ and ox - ienet en -h g ree - s  tim bma s pro c ec ’olc-c b frond thee ste- as. l3c ’cc ,u , -s e ’ of thee re l a t m vc ’ l y

lon-v supe m’satum’at ions wieic  h c o n - c ’  co c - h m m e v c  - ci d u n  beg n - be ’  pea ut con f rom aqueous so lu t i omm , t h e  - c r i t ica l

radius of the l ’Cl neuc l eus  is e x l o c ’ c ’ t i - c l  to b e ’  h a r p e r  than the- c r i t i ca l  n- ad i i  for deposit ions b u y  th o r—

mal evaporatiote in va ‘uurec. In fc c - I . it is belie ved tha t t u e  s eze ’  of n- ice c r i t i ca l  nuc leu s  unn - ier

these low su pers a tui - a t ion  e ’ e e : O d b d t i O f l S  could be large r t h iane tiee 5 rum ( n m a x im U m )  radius of the

groove corners.  (The sneal les t  Nt ’l isl ameds s e e-mm in micrographs of deposutions have been a200 -\

in-u l emmgth . ) Deposit ions performed on s c n n ’f oc e ’e - i - c ’ i u c ’f s t ruc tures  ‘, n - - h m e n c ’  2 5 — n m — i m i g h  steps n-n -cr c

spaced I to 3 sm apart  n - s - i - s o ds  the (o .Ic-— 1 c n e spaciteg of n -h - ce ’ s t n u n - ’ t ume  in h - u p .  V — 2 3  exhibited “deco—

r’atuon ” of thee S te ps n - n - hue- re  c - s c e n t  n o e l i v  all of t h o -  (‘A l c r v s t c e i h n l , ’ s  n -n -crc located at time steps. An

c e ) o t d c c i  I nmic  rogn-ap h of su c h d  an expe nin e ’n etet is simo n-n- n in I ug .  \‘— 2 7 .

An att empt  was ne an- le  t n - c  d e t e rmine  if t ime ’  observed “dccoi-a t ion ” e ’ f i c ’ c t  whie re vir tual ly all of
-

‘ 
the KC1 islands occur at st - m s could i cc ’ o h c - o e t n - e e v c - m b  h _ dy i n e creasumeg n - Ic e ’ radius  of ti-ne groove corners

of the gratings st r u ct u n - c ’ . The or ig ina l  s qua n ’ e profi le  of then - ’  su b s t m a t e  used for the deposition

shon-v n ire Vi p .  V -23 was degraded by m ’eneovin g 15 turn of Sit so d l i  arc isotropic aqueous chemical

etche. (“  1’— e tch” : 15 ml Il l - ’ , 10 ml H\ ( 0 3 and 300 ml b l ,( 0  f o r  c - h .) sec was used .) 1 Tim e new- radius

H g could not be measure n-h dir e c 0 v hut ma expected to be ~‘l 5 mum . A KCl deposition was pe r formed

on the degraded s t ruc ture .  Micrograp hs of ti -ce result  are shown in I - up .  V-~ S. In- strong “d eco-

ration 0 c - l i e - c t  m a s t i l l  presemet and n , ’ o c r h v  all of tb-ce KCl is lands occur at l i m o  steps; h oon-c v e’ n ’ . ti -c er n -”

was a major  change in morp hology relative to I - u p .  V -23 ame n - i the or ienta t ion  e ’f t , ’u ’t  appears to

have been ser ious ly degrade n -b .  1-c ’ sc of thee ’ KCl c r v o o t o c i b u t e s  are oriented w in - be thee grating groove

do r e - c  t m n - c c c .  This lack of s t i ’ oc cp or ientat ion was obsen-ved ove r the ent i re  sam ple. The sam p le-

was “ annealed0 by p lacing it in a huneid  atmosp h e r e  for  several hours. The samp le was tIe - m u

reexa rn imm ed in the S ’ l ’ (P ’o l .  A mic rograp h of thee annealed sanep le is shown in I’ ig. V-2 8(b) .  IXir—

ing thee anneal ing ,  thee c rys ta l lographic shape of the I<(’l islands became better defined but it ap-

pears that  t I m ’  - o r ientation -c did not s ign i f i can t l y improve. Attempts to fu r the r  degrad e n-tee square
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b ig. V-2 8. Scanning t ransmiss ion  elec t ron  micrographs of a N(’l deposit ion on a
square-wave structure w t u n c h u  has been degraded by isotropically etching 150 A of
SiC2 from the s t ruc ture  shown i n c Fig. V-23. (a) Inmmediatel y a f te r  deposition.
(b ) After a 2-hr  “ anneal” in a humid atmosphere.
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prof i les  by r e n o o e c v i i e g  nor ’e  SiC , by isotropic ch c- me ical etching fai led because fur ther  i-eduction

m m  t I n , ’ theickne e ’ss of t i n e -  Si t ) 7 la n-’ r we akened t h e  thin samp les to the point whe re they broke .

It appe ars t h i o c t  tine degraded S i t u , s t r u c t e i m - c ’ induces decoration but does not induce oriented

g rowt ie .  ‘P iu s on- euln-I boe n -’x ioe ’ctcd ci n-ice -urvature  of thee grooves was still small enough to cause
decoration but t h e e  s t m ’ s n s t s o m ’ e did n-cot 1) rovi n -be sul ’ f m c u e m m t l y  on -i ’ll defined facets such -c that a strong

minin ’iunm inc the in te r fac i oc l  tension n-n- as obta inmc ’d at the ,- <100> ec ’u e ’ntat ion .

It was observed that large’ crysta lli tes  n - n - Ic ic le  are sometimes formed during KUI  deposition

tend not to be oriented n-n- - i t i i  e-espect to the gra t i t e g  structu m - e - . Thus phenomenon can be seen in

I’ ep.  V - .17 n-n-lien’ ,’ the large (a t O pm) crystall i te in the- center of the micrograph is not oriented.

‘I’iee large cr~ stabl i tes  ar- c’ o ‘oat l ikely ti-cc f in - st  onces n - n - l e u c h u  nucleate.  It is possible that these

large r islands an - n-- not or ’ieret i-d because t hin - n -y nucleate  on dirt particles in tine - solution or on the

subst ra te ’  n - c t  r e l a t i v e l y  low supex -saturat ior ’us early in the depos it ionu.  Anoth er  possibi l i ty  is that

all  islo ci ed s , large and small , nucleate  randone ly and acquire  t b c e ’ i r  o r ienta t ion at a later’ s t age .

‘l’I et- l an- g e ’  cn - ’c- s tal l i tes n-could be le’ss likely to re ’ornenmt ti -cane t ime’  small  c n -vsta ll i tes.  Sigmei l  m c a o m l

in -cp i ’ov en eme ‘ c m of thin - -  or ientat ion of K(’l deposota by anmnea l ing  ha s not h o e - c u e  o b o a e - m v , - d .  tb oso e v e-n - ,

the e re is ame unavoidable delay be ta  cci i  thee tin -ne of deposition ar-cd thee t ime of ob sci-vation and an-

ce e -a l imeg may occur spontaneously hem-en-c the deposit is ob so - r n - ’c ’ o h .

In conclusion , the available data strong ly i mmdic , c to ’  tb m cc t  o rce - ue te ’ d  n muc l ea teo m m and gu’o sn- n - l i  of K U I

deposited from aqueous solutiorm occurs on squa re—n - vcc n - -e groc t ing  a m n r f a o ,-e- - rel ief  s t r u c t u r e s  ce r n

amorp hous SeC , substrates. i - r c - f erenmtia l  nmucbc - cc t ion  c)ce -l d rs on degraded squam - t -so ouv e s t ru c tures

h)ut oriented nucleation am-nd growth does not. Son-ce quest ions n - e m nai n m about time - role of unavoid-

able annea l im g of ti -ce deposit. In -respect ive  of tb -ce e x ac t  me-c  h m c i n i s m  n-n- i c o n -  hi 1, -ads to or ien ta t ion ,

the fact remains ti -nat a K t ’ l  deposit bias he -e ic or i c i c t ed  boy a square-wave gu-atcie g On cm amne er p hous

substrate n-v ith the m in im n -um f ree  e - o e c - r g y  or i en t a t i o n  p r e d i ct e d b o ~o t i u c ’  s inep le models  of Section II

and Section \-‘ -( ‘ - -l . In ch i c-c t , b o c tc ’ m ’o e ’ ; cu tccxv  has been imed u ced on aim ane on ’ p h-cou s substrate by ti -ce

introduction -n of an “ amm isotro p ic ” su r i ’ae -e st r uc tu r , - .

-I. Tin [)e(cosotion s

The alkali  h -ca l ides rat -c b e  deposited boy thermal  evaporation -c in a high vacuum.  Because of

ti-ce suc o ’ , ’as ’, v l i n n - ’h n-n- as achie -ve ’d on- i t ie KU1 d eposi ted fron -n solut ion -c , it would h o e - cc n a tu ra l  cluoice

for t he rma l  evaporation deposition exper iments .  Ln e fom ’tuna t e l v . this could n-not be done because

it was believed tha t the presence of KC 1, n-n - h ich is hyd m- o s c o p i c , in a vacuum syst em n-could lead

to its deteriorat ione.  For this reason , thermal  evaporat ion d e p o s d t d o u m  cxp em - in’cents on-crc done

wutbe  t in on- hich is n -core compatible  wi th  good vacuum practice.
Tin has a te t r ’agonal  s t ruct inre  at room t cn -neperatun- e  n-n - h c i ch  eximi lei ts  a ve ry strong f iber  tex-

ture  when deposited on smooth SiC 2 
su l) stratc ’ 5 wheere < 100> is normal to the substrate  s u r f a c e - .71’

This orientation repm-esents the most densely packed p lamme paral le l  to the substrate.  -S t et ragonal

material  which  exhibits such a texture is ideally suited for o r ien ta t ion  by a square-wave grat ing
because the equ i l i b r ium orientat ion is unique and should occur  fom thee <001> d i rec t ion  pa ra l l e l

to the groove direction.
To stud y the growth of tin , a se ries of d e posn t i e emc a  by electron-beam e-vaporation in hig h

vacuum onto square-wave  gratings in Si0 2 was performed.  ‘Fl ee ’ s t ruc tu res were fabricated in

precisel y the same n - cay as those used for  the K(’ l  deposi t ion experiments discussed in Sec-

tion V -I) - - . Depositions were done in whin e the average tin thickness was 0.8 , 4 . 40 , amid 80 ruin.

rn-i uc rogra cbs of the results are showne un-n h - c p a . V-29 , V -30 , V — 3m - and V - 32 . respectively.  The
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u p. V-31. A transmission electron mierograph of a 40 rem
n - c v e n ’ c l g c -  th ickness  t in deposit on a 50-rune-deep,  320—nm—per iod
s q o n c e n ’ t ’ -so ave-  g ra t ing  in amorphous Sct  o~~. The magn i f i ca t ion  is
o ot . 1 0  Io,\ ,

h - up . \ -32 . A t r a me smi s s io n  electron mierograph of am - c 80 rum
average thi e - k n e e - a s  t i n  o l e - p o s i t  on a 50—n ice —deep,  320—nm—per iod
square -wave  grating in amorphous Si02. l Ine f i lm has emetered
t in - early ne twork  stage of f i lm growth and re cry stal l izat ion
appears to be sbo n-v .
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I ep . V-3 3.  A T b - \l mic rograp h of the 80 rum average thickness
tin d e p o s i t  ion and the corresponding selected-an-ca electron dif-
fract ion pat tern are shown. The arrows on the diffraction pattern
indicate spots which could on-iginate from crystall i tes with ~100}
para l le l  to the substrate and < 100> parallel to the grat ing groove
direct ion.  The arrow on the- image indicates the grating groove
di m ’ , - ‘ n - i c e  n .
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deposition rate on-as ~ 0. 1 nm /sec for the 0.1’- and 4 — c e n m - t c m i c  h o le -pos i t ions  amen - h m l  to 5) \ /Se-’n for

ti -ce 40— and 80_nn ~ _ th i c k  i e -~ oo os u t  m o e s m s .  ‘ F l e e -  deposition.s n - s e - u - c ’  per fon ’rnecl n-n - i t b m  tlec’ suh,s t rat e  at

room teee’uperatu u - c ’ .
Growth appears to proceed by the sequence described in c Sec tuonc  \ -( -2 and depic ted  in

Fig.  V - I S  or V - l i - . As seen in h ips. \ —2 9 and V — 3 0 , s ign i f i cam et  e lecon ’a t ion  of thee s te -ps  does

neot occur at t b c  early stages of growth-c altheougim ci m o e - a k  decoration o f f - c t  can be o le o te c t e d  in

l- ’i g. V-30 . Ticis is consistent w i t h  th ee r i-suIts obt ained n - v i t b e gold s ince thee size of tb-ce critical

nuclei sheould be compa rable for gold and tin deposited in vacuum b o y  t h e r m a l  evapora t ion .  As

growth proceeds , ti -ce isl anmds temech to m c c c ’  be f rom t u e  s teps by thee coalescence p h enomena dis-

cussed in Section V- ( ’ -2 and i l lus t ra ted in I m c .  V - B - . I ‘or I b i s  r eason , thee islands do not ex-

perience thee orienting inf luence of thee s t e - p s  u n t i l  11m ev leave gron-n- ’n lan-ge enocig h to touch thee s tep

sn - s e l l s .  Examination of the mice’ogr ’apbcs sb - non - n - - n in I b o ~s. S — h and \ — 3 2  ( a o l  cc m e t e s  th.c at the ne twork

stage of f i lm gron-n- ’t lc ocr -mn-s before thee island s g m o n - n -  to toucle the a r o l l s  and ( b e  om- iene tation of the

islands hmas been -c strongly c f f e ’ c ’ t e ’ o i .  This s i tua t ion , chep i e - t o - c i  in i o~s . 5 —f l - l o b , m a k es the appear-

ance of a s ing b e’ —e - m-v~ t oo l  fi ln’r e n -m n l i k e l v  because m - ( ’ O u - i e  o u t r e b  i os i  I e e e  s n -not appear te e  occur for tIme

large is lands res u m lt ineg  from t hee ne tn -vork  f o r m a t s o o s s .  i b c e o s e - n - - e u , t i m e  moc-p heology of the is lands

whic ie  n-ho touch thee n-vall s in - c t i m e - 0 ’ S ° — s o u u s — (  u i  V f i ln e  sicon -v n in - c  I c c .  V — 5 2  u n o t c e - a h o s  thea t t i s e -  t i n  film

has acquirecb sonme preferm -ed O o ’ i c - u m l o c t  1 0 0 .  l i c - f l e e t i n u m  e l e c t  u ’ o e u u I C  l u - c e o -I  i _ u t - c  of t h e e  deposit  revealed

that thee -
~ I 0 O}  p lanes of t i c e  c ’ u - v s t a l l i h e - s  r i m - c - ’ p aralle o l to t i m e -  smuhs t - c c t c -  (as d - ‘ : ae - o - t o  - I ) .  but no in—

p lane orientat ion was f om n n oh .  I ic - c - c e a s e  - of l i m o  O i ’ O c  m i u u p  i n ciderece m et ’ l i m o  - c - b e  c - I  n - co o  beam used ,

R I l E  El) only sanmp les thee inpp cn -mn os t  l~evc - m n - a of l i m e  - d o  0 0 0 ’  i i .  ( ‘o - I e ’ a h e ’ s l  i s lands  b e  to to the grooves

m ighet  not l ee ’  o i o ’ t e ’c ’ l c ’ o I . Sel e r t e d — a u ’ e - o c  e lec t ron  d i f f m - a c t i o i e  of t i m e  -10 — c e n i c — t l i b n -’k c h e p o s i t i o n  n -n - lucre

fe n-n- islands touch thee n-calls sleosved n-co p m - c - f e -  u - reel  i m e — p i c i n c  o e m ’ o , ’ o t ~ -. t m e s s ,  S c - l o - s ’ t c - c b — a r e a  d i f f r a c t i o n

of thee 8 0 — n m — t i - c m — k  deposit on - lu cre most Cl ’ l i c e -  i s l anc ol s  - In t o o n c h  t I s o ~ n-o l e - I c  n-s a i l s  on -as d i l ’f icu lt  be-

cause of i t s  high e ’ l e c - t r a u c  e t t o - m u s i m e t  m o o s . Soni c of l i m e  o l i l ’ f c - r e n t m e ’ u o  o c l t o - rrcs n-n- Icicle n - n - e u -c’- ob t a ined  in-

dicated tb-cat  a n-najor  C m - v s t a l l o gn - a p h ’cic’ o h m r e ” c t i o m i  of sen s e’ re t  du e  i s lands  of t i m e - deposit was aligned

n -vi th  t hee g m - m i t  m i m e  o i l  ceo 1 u sd .  -‘n- n ex am - cep le of a s e - l e o u - ‘ I  mi r e - c c  and t u e  c o r r e sponding  o h i f f r a r t i o r e

pattern arc sheon-v n in - c I ft. \ — 33 . l ies  c l u n s e ’  orc1~ a p a m- t i a l  spot s o  t h e  - s o was c o b o l c c i s o e o o l  and other

s b o e c t s  m e n o ’  s o d  o -  so - n m  - u nccmbiguoua  e h e ’ t o ’ o o u o m u i  - t i c o m o  c c l ’ t h e e -  o °, - p o  s i t  e u n - to u t i e e n  f r o m  tb -ne- m h i f f u ’ , o n - ’ t i e o n pat-

tern is d i f f i cu l t .  The spo’m s in V i e ,’. V — 3 3 ( l e )  sO I m o H o  c e m - c ’  i u o d e o  e t c  - l  - ‘ u ’  u ’c spond to  ‘ i on )  p a r a l l e l  to

tine substrate and <001> paral lel  to thee g e-c i t  m i m i c  o i l  t -e c ’ ti o ti .  T in i a  m u m -  ‘ e c u m o p l e - t e  ~~ ot pa t t e rn  can he

corr cpzored n-n- itbe thee comp le te 00 c m h e  - u - s m  s b coo n - ne i t o  . , . 5’ — ’ ’ fon - thee - ‘ e a s e  0 m m ’  i t ; c t  m o o n - u  of t i m  . The dif-

fraction pat terns obtain -ned frone t h e  1 ’ 0 - t c n e — t l e i c k  t i n  o l c ’ p e ’c s o l m o o t o  sucge ’st  t O o t  some n-n- r n -ak pu - c-fe- r red

or ienta t ion has been ireducec i bo y thee ’ sq uar e - -s cv ’  s t m - m n c t , , n c

If the square-wave grat ing a te -u ctur e  is to cxc s t  a s t u ’o e u o r e - c  o r ien t in g  inf luence , thee g ra t ing

must  o r i en t  thee t in  islands hoe- lo i n -c ’ the t e e ’ l o n -  i o u - k  stage ’ is u e ’ , o o  s o ’  - I . 1 ’ b s s m ~ - thee g ra t ing  period should

lee ’  smaller  and/o r the  corneers of thee s t m ’ u c c - t m m re ’ sheo u l cb  b ce  s I e a t ’ ~e e’n’ so as to induce  s t m - c ’ong decora-

tion c ’ f f e ’ e ’ts . It is als o possible that  c a r e f u l  ‘ - n o e l  c c l  of c h e p o s i t e c e u s  parametet -s  and/or anneal ing

could lead to or ientat ion u s i n g  the e - x i s t h u c p  s t r u m c t o m  u - c - s .
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A. Summary  of \Vo m’l- c

-\ nun - m n-v method of o r i en t ing  o -m -vs t , c l l i r ee  ccn - ’er l c v e u r s  on o u s a o r j o t 5 0 0 s s ’ o  s s s i o ~~t i - sb ’s by ,cr t i f jc ia llv

produced su r f a c e — r e l i e f  s t r u c t n m r e s  has been d e m e c o m e s t n - a t e d .  The cIn - - n s o e i s ’u ’ a t  l o o n  of m i m e ’ p r e d i c t e d

or i en ta t ion  effects  required sn -n b m i cn -o m e t e r — d i m e n s i o n  s m m r f a n - -c’ — r e l b e f  s t ruc tu r e s  w i t h  n - c ell—
control led prof i les .  Ex i s t i ng  fabric -at i on technology n-n -as found to be inadequate to define such

so ’ u’ u u c - t m u  m o - s .  To s o l v e  l I m b s  pm - oh le n s , nc-n - v  f a b r i c a t i o n  t echn iques  n - y e - re  developed i n c l u d i ng  n-- c - u - v

soft  N— c a v  l i t h o g r a ph ic lec lun i qn -ne s  and rea c-tin -’e’— hon et chi uos t . \~‘i tis theese rme%n-’ ’co - i l c o m o I c o c ’ s , 32 0— nm—
period s q n - m a n e n -— n -n - ’ave  g r a t i ngs  in  SIC , w e r c o  f abr ica ted .  l i m o - s e  s impl e s u r u c - t u re s  n-v -c ’ , -  used to

in ev e s u  i g a t  c - o r i en ta t ion  o - f l ’, ’ cm s in sen -- o -ra] on - - e m’ l r - cve ’ n -  sv~- ‘ - m o s s .  U n i f o r m  a m u c h ’ — ‘ n -v s t a l  o i - i , ’r-~t a m b o n

was induced in n e m a t i e  and sniec n - o’ t i c  A liquid rnvstals. Thee obsem-n-’c’d orientation of the  l i q u i d

crys ta ls  a gr n - ’e u b  wi th - c  tb -ne model pi’ m ’ so ’ui t c n-~ b he - n’ ,’ , and n - n - i t b u  e a r l  i o ’r n -core  I in i ted n oo do ’l u-i . Po tass ium

cb e l om -h d e  ( Ni l )  - n v s t c c l l b t c n - s  de posited f r om aqueous s o l u t i o n  on s q u a r e — w a v e  g r a t i n g s  w n - - r e  a l igned

n - n - b I b  <b o tH0 d i rect ions  para l le l  to the groove  d i r e c t b o e u o s  and p e n -p e n d i cu l a r  t o )  t i m , ’  s ubs t r a t e  as

pc-edicted  I on - -  a de ta i led  m o o c h - I  of tb -ne t h i n  f i l m  g rowth  process .  l° eeas  H o u u ’ , c h l o r i d e  c m -n - - ’~c a I h i tes

appear  to loaves  p r e f e n - e n t h a l l v  n u c l e a t e d  at v e r t i c a l  s teps in t h e  g r a t i m u e .  S q u a r e — n -n - a v e  g m ’ a b i n ~
s t r u c t u r e s  w h i c h  beach b een degraded  by i so t rop ic-  e n - c h i n e , ’  f a iled  to induce o u- i o cot atb on of KC (

c r y st a l lh t e s  c o n f i r m i n g  t I s c ~ re q u i r em e c -n t  of squa s- ’ - - ’- ’- m c n - ’ - s; r s u c - ’ ci nc ’s. k-posi t ions of gold and

t in  by n--’acucm m evapora t ion  onto sqcnare —n -n - ’ce ve ’ e,s i - a t i n m y  s t r u c t u r es  e x h i b s i t c ’ -d \‘ ocr v n -co -ak d c o o  r a t ion

effec t s. This is  c o n s ist en t  w i t h  ‘he f i n d i n g  blea t  lbs  - r a d b i  of m I s , ’ cocoo ns of t b s o -  s a t m r e s - o ’ — w a v n - ’

s t r u c t u r e s  are larger  Bean mice ran -bib of t b m c n -  c ’ n i ’ c i c -al nuc le i of gold and t i n .  A se n - i c ’ s  of du e deposi-

t i o n s 01’ i n c - m’ , -a si n st  thc i c ’k ness done on s qn -mar e—\ vave  s t ru c -h d nr e s  ,- d s o o w e -  ci m b u a t  c u - c o n - v t t o  l o u ’  o , -eed ’ t o n -’

n -andom nuc lea t ion  f ool  hon - s n - - e l  ben - -  a c o a l e s c e n c e  stage w t u o ’ r e ’ t I m e  t i n  i s l a n d s  r e c e o o b , n- °‘u - o c m r  t i m e , steps

and tha t  as g r e e n - n - - t I e  P~’~,s ‘ ‘ - c bs th e Is l an ds con tact  t he  s teps and weak omd o ’ u o m ,’ct i ’ ’ t ’i i s  i t s ’  m O o  n - - c l .  B ’’ —

fore Icirge — s c ,  ul c m or io us u o t  ion of thee  t ime  is ,mcbm ie n - - ed , h o w e - n- o r , c m i ’ m o n -- c o r k  of i si cend s is b e  i - t e a - m i  - o n - b

r e o r i e n t a t i o n  is i n h i b i  ‘ c o b . T b c i s  resul t  is expla ineed I on- - a d e t a i l e d  model  o’ t h e m  f i l m  gt’ o o ’ -s t b  on

sq cnare —n -n - ’ave ° st r u c tu s  ‘ - ‘ u - .  it is p r  o 1 e o o s o ’ o t  b a t  innpr ov ech  s c m r f s c c - e ’  u- n - l i e-f —‘‘ r u u o ’t u r e - s  are mic e -cl eat to

an h i en - -c -  st r ’  oue mt o r i n - ’ n t a t i o n  e f f e c t s  for n - - a c n - m n - e n e — o’e- ’, p o oo’ c e t o ’d t’ i b m c u s .

P . Proposals fo c i ’  T-’ut n - nm - r ’  \ Vonl- c

It is be l i e -v ia l  m b - a m  u b o i s  new approaclu of n s i r c n i p u l a t i n g  ove ’r lc e v e ’r s  w i t h  an a r t i f i c i a l ly  pn-oduced

s u o b ’ s t r  c t ’  su r O c o c o  r e - I  O f  ‘ s l r o , o - t s sr e  should open -n - e n c -w f i ’ ’ l o h  of m v - s n - i c  c l i o n .  S i n - -n - n - - n w  exper i—

rn -cents  w l e i c h  an ’e s ug n es t e d  Isv ~! se  - r e ’~o m l l s  ob ta ined in t b c i s  r c - s” a r n b e  a u - c-  p r e sen t e d  b u e m c ’

0 
\ i anv more m a t e r i a l s  and deposit  u on l e o - b c-c l - o u t - a  con -ni d Ice e m p l oy e d  i n  f u r t h u e c ’  n m i  - - u u t  at  ieee

c ’ x l o e ’ r i t c s e ’ m e m o  on lime-  simple ’ squa re—wave  m t u ’ a ’ i m m 0  in  S iO~ u i s ’ ’ dI  for  I t s , ’ o r i en t a t i on  e f f e ct s  r o - p o m ’ t o ’ d

h e u - c ’ . “n - l a n c v  cubic  and te - t r a gona l  c’ry sta l l ine mate r ia l s  are known to  exhib i t  ~t oo } and I I  to )
n u c l e a t i c o n  o t e - p c e s i t c o n  anti a n n e a l i n g  f i be r  l e - N I o u r ’  -o ,1 

‘ “ ‘ Tts , ’ao-  an- c° obvious cand ida tes  for f u r t h e r

e ’x p e ’ r b i o e - m e t  s w i t h  squa re—n - c ave’  g r a t i ng s .  Of p a m - t i o ’u l ar  i n t e r e s t  m c s a v  he the  s tudy  of a n n e a l i n g

of co ve - n b c ,  n - -c r s of t he se r r c a t e r i s c  l~ di mc ou ~i t e u h n-mnder c’ondj I i  n t is  sun le  t h a t  thee  on --er laver  is m i t  u a l l  n-’
amorp hon m a or v e - r v — s m a l l — -t ra ined  V o lv o  r v s t a l l i p o - .

Th ee f a b r i c a t i o n  t e c h n b r ~o m e ’ s  a l r e r e o t v  developed are v em ’v  v e ’ r s - m c c - i l e ’  in- ne d i m u c m ~~di a t e ’1v have a

w i d e  s - c r c - c  of possible a p p lh c a t b c c n s  i n r l u o b i m c a  in t e gr a t e ’u l  opt ics ,  i o o t e g rated n - - h r c t m i t s , cinch a l o a n - i

of plan -- car devic - e -~ r e q i n u r i n g  suhmhc -ro m’neter  s t r u m  t u i m ’ c ’s. ( ‘ m - v s t a l l i n o e  ovc ’r l ave ’n o r i e n t a t i o n  ex-

pe r im e n t s  p rov ide  an e n - x o - c - l l e - m c t  f r amework  for deve lop ing  n~~o b  i m p rov i n g  f a h e r i o ’a ’ion  I c ’c t t m c i q o m e -s
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F in .  V l - i .  A schemat ic  representat ion of tn - n -cc proposed methods
for producing sn-nail areas of shngle-c~-ystal semiconductor for
i n t e gra ted  c i r c u i t  o b e ’ v i o - e ’ s .  In t I me upper i l l m m s u r a b i o o n , thee semi-
condu c to r islands are  c ’e onf  n e ’ o b  and or iented by a square pit in
thee amorphous sub s ’ u - s c m - - . In the lower , th ee semio’ cu m c c l n - m s  l o o n  is-
lands are f i r s t  defined b y  e tch ing  a continuous film , and then
annealed to yield s i m e c ,~l e - -crystal  islands.
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because the structures required for orienting crystalline overlayers provide very stringent and
well-defined goals for technology improvement.

if small structures are required to orient vapor-deposited overlayera , there appears to be
no ftmdaxnental problem. 83.5-nm-period gratings In PMMA have already been defined by
Bjorklund 4 using holographic li thography. Extensions of the holographic lithography mask pat-
tern generation technique or recently developed contamination electron beam writing 8

~’82 yield
grating-type mask patterns with linewidths of less than t O nm. As discussed in Section III,

4 .48-nm X-ray lithograp hy using PMMA should have the resolution required to replica te such
patterns. Before such linewidths are used, a great deal can be done to improve the quality of
460-nm-li newidth square-wave grating s in amorphous SIC)2 . Grati ng sidewall smoothness and
groove straightness could be improved by improvements in X-ray mask quality, improvements
in the lift-off process, and a better understanding of the reactive-Ion-etching process.

Obviously, the ability to fabricate structures other than square-wave gratings is desirable.
The extension of the techniques presented here to the fabrication of grids and other patterns
which are superpositions of gratings is straightforward. Techniques for fabricat ing sawtooth
structures with smooth facets at specified angles are less obvious. At the present , there Is a
great deal of interest in the development of fabrication technology for small structures. This
new application should provide an important testing ground.

A goal of this work has been to produce large-area single-crystal films; for some applica-
tions, notably integrated circuits , a large-area single-crystal film is not required. The indi-
vidual components of an integrated ci rcuit actually occupy very small volumes of semiconductor
and must be electrically isol ated from one another. if isolated single crystal islands several
sq uare micrometers in area could be deposited on an insulating substrate, this should be suffi-
cient to fabricate an integrated circuit. A possible way of achieving this is illustrated In
Fig.VT- 1. Square pits could be etched into an amorphous substrate using a chrome etch mask
which has been defined using X-ray lithography and lift-off. Silicon could then be evaporated
or sputtered over the entire substrate. The silicon in the pits should assume a single—crystal
orientation w ithin each pit under the proper deposition conditions as discussed in Section V.
Subsequently , the superfluous silicon could be lifted off by chemically removing the chrome.

The remarkable success achieved in orienting liquid crystal s makes possible a wide variety
of experiments. It has been estimated that approximately 0.5 percent of the organic molecules
exhibit liq uid-crystal mesophases. A tremendous number of materials are thus available for
experimentation. Since the geometry of the structures can be directl y controlled and the orien-
tation mechanisms are understood, one could possibly use surface-relief structures to organize
liq uid-crystal molecules for some purpose. As an exam ple, one might want to stud y a uniform
array of dlsclinations in a nernatic liquid crystal or an array of “myelinic ” textures in a material
exhibiting the smectic A phase. Remembering that bend and twist are forbidden in a smectic A
and that distortions must be pure splay, one sees that a sandwich of substrates with an array of
“ spoke type” surface relief structures such as shown in Fig.Vl-2 should result in an array of
inyeltntc 5 (from the rnye lin sheaths of hum an nerves which exhibit this structure) arrangements
of the smectic A phase, If the minimum Interfaclal tension corresponds to the molecules parallel
to a flat surface. A schematic representation of the predicted texture is also shown in Fig. Vl— 2.
The same array of “spoke ” structures would produce an array of 360’ and 180’ wedge discllna-
tions 5t in a nematic material. Perhaps such manipulations of organic molecules coul d lead to
methods for making useful molecular assemblies.
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_________ 1ARRAY OF SPOI( E ° SURFACE
RELIEF STRUCTURES

~~~MOLECULAR ARRANG EMENT. . . OF MYELI NIC TE XTUR E

Fig.VI-2 .  A hexagonal-close-packed array of “spoke ” surface-relief
structures is shown. A “ sandwich” such as shown in Fig. IV-4 of two
of these structures and a smectic A liquid crystal should lead to an
array of N myelinic n structures. The molecular arrangement in the
myelinic structure is shown schematically. The same configuration
would yield an array of 360° and 180 0 wedge disclinations for a
nematic liquid crystal.

This example of inducing an array of defect structures illustrates one of the unique capa-
bilities of the method of orienting crystalline overlayers by artificial  surface relief structures.
Because the orienting surface relief structures can be directly controlled, one is not restricted

to the production of uniformly oriented overlayers. T i should be possible to produce overlayers

with rapid variations in crystallographic direction which could be obtained in no other way.
Other ideas too numerous to be recorded here have been stimulated by this work. In essence,

a new degree of freedom has bec n introduced in the science and technology of surfaces. It is
believed that the models and demonstrations of overlayer orientation presented here are but a
f i rs t  example of what will be an exciting new field of investigation.
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APPENDIX A
ANISOTROPIC ETCHING OF SILICON

The anisotropic etching of silicon is the key step In the preparation of X-ray masks with
silicon nitride-silicon dioxide (S13 N4-Si02 ) t ransmitter  membranes. It is also the key step in
the preparation of samples for viewing in transmission electron microscopes.

The anisotropic etch used is a solution of ethlylene diamine pyrocatachol (EDP) in water~
’5

The solution is prepared by mixing in a nitrogen atmosphere 45 g of pyrocatochol IC 1 H4(OH2 )~ ,
255 ml of ethylenediamine 1N112 (CH 2 ) 2 NH 2 1, and 120 ml of water. This solution etches the ~i i i )
planes of silicon ~16 times slower tha n the {iOO} planes.

X-RAY MASI~ FABRICATION

The cross section of a Si3N4 -Si02 X-ray mask is shown in Fig . A - 1 . The mask is fabricated
by first depositing films of 100 nm of Si3N 4 and 100 nm of SiO~ on the front side of a ( 100)-
oriented silicon wafer. A fi lm of 500 nm of Si02 is then deposited on the back of the silicon
wafer. The Si 3N 4 and S102 layers are deposited by a commercial  chemical vapor deposition
(CVD) process. After the f i lms have been deposited . a “window ” or a pat tern  of ‘windows ” is
etched into the silicon dioxide on the back of the wafer .  Because large-area masks are fragi le .
the windows should be smaller tha n 2 mm x 2 mm. The straight edges of the windows are ali gned
with the <110> direction in the plane of the wafe r .  The silicon dioxide “window ” pattern acts as a
mask during anisotropic etching of the silicon. The gold absorber pat tern is defined on the front
side of the sample using any pattern fabrication method compatible with silicon processing. As
a fina l step. the silicon is anisotrop ically etched away beneath the absorber pattorn to yield a
200-nm-thick membrane supported on a silicon frame.

I Is-$- i)411-Z I 
,~

Ao (0 I~~m)

_________ _______ 
Cr (OO2~ m)

V/ / / / // A  P.1 ~ El Fl El El P1 P1 P1 P1 P1 VZ/Z/ ~ ~~~~~~~~ ( O I - O 2 ~~~)

Fig.A-1 . Schematic cross section of a S13 N 4 membrane X-ray mask .

During anisotropic etching, the silicon wafer is held in a special holder to protect the front
side. The front must be protected because the EDP etch slowly attacks silicon dioxide . The
special holder and the etching configurations are shown schematically in Fig .A-2.  The holder
is made from glass or fuzed quartz . It consists simply of a flat plate with a passage provided
to a vent tube. The front side of the silicon wafer is held against a Buna-N rubber 0-ring by a
Teflon retaining ring. The cavity between the silicon and the glass holder can be filled with
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Fig. A-2 . Schematic diagram of the sample holder used during
anisotropic etching of silicon wafers.

glycerol or it can remain empty. (I f any leaks should develop around the 0-ring, the glycerol
serves to dilute the etchant.) Glycerol is used rather than water because its boiling point is
higher than the 115°C etchant temperature required to achieve optimu m etch rate. (The etch
rate for EDP at 115°C Is ~t/~m/min.) When all the silicon has been removed from the window
areas , etchin g ceases because S13N 4 is not attacked by EDP. The X-ray mask is removed from
the etching holder and rinsed In methanol and water. The mask is completed by evaporating a
layer of aluminum on the back side.

SAMPLE Th IN N ING FOR MICROSCOPY

Samples are prepared and etched for examination by transmission electron microscopy using
procedures similar to those used for X-ray mask fabrication.

A fil m of CVD Si 3N 4 and SiC)2 or t hermally grown Si02 Is deposited on the front side of the
silicon wafer to a total thickness of less than ZOO nm. 500 nm of Sb 2 Is deposited on the back
side of the waf er by CVD. A window pa tt ern Is etched in t o the S102 on the back side of the wafer.
In this case , the open areas in the center of the windows are 1 mm X 1 mm. Outside the open
area , there is another open area which defines a “frame ” for the window . The outside dimensions
of the f rame are 2 mm X 2 mm. After the windows have been etched Into the Sb 2 on the back of
the wafer , a surface-relief structure Is defined on the front side of the wafer and a deposition
experiment is performed. The silicon is then anisotropically etched away from the windows using
EDP. During etching, the front side is protected In the same holder which Is used for X-ray
mask fabrication . If SI02 alone Is used on the front side, the etching must be watched carefully
and terminated as soon as all of the silicon has been removed because the Sf02 Is attacked by
EDP. Since the window pattern incorporates a “frame ,5 the small windows can be removed from
the larger (1.5-in-dia.) silicon wafer by breaking the thin membrane outside the frame . The
resulting 2 mm x 2 mm substrates are thu s square silicon frames supporting a <200-nm-thick
1-mm x 1-mm membrane. This sample size is directly compatible with most electron micro-
scope sample holders which are usually limit ed to a maximum sample size of 3 mm diameter.
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APPENDDC B
POLYIMIDE X-RAY MASK FABRICATION PROCEDURE

The fabrication of polyimide X-ray masks can be divided into four major tasks

(1) Preparation of a polyimide film on a glass substrate.

(2 ) De finition of a gold absorber pattern on the polyimide film.

(3)  Removal of the glass substrate.

(4) Mounting of the X-ray mask on a ring holder.

PREPARATiON OF A POLYIMIDE FILM ON A GLASS SUBSTRATE

Any smooth glass substrate which can be completely dissolved in hyd roflouric acid is
• satisfactory as a substrate. Corning 0211 glass 32 2 in. )( 2 in. (6 to 8 mil thick) was used for

the masks fabricated for the report work. Dupont Product P 1-2530 (Ref. 31), a polyimide plastic
precursor , Is used In the fabrication process. The properties of P 1-2530 are discussed at the
end of this appendix. The process steps for forming a poly imide fi lm on a glass substrate are
as follows:

(a) The glass substrates must be free of all organic films and particulate
contamination. An effective cleaning procedure for 0211 glass is:

( 1) Immerse for 10 m m .  in trichlorethylene.

(2 )  Immerse for 10 m m .  in acetone.

(3) Immerse for 10 miri . in methanol.

(4) Rinse in deionized (D I) water.

(5) Immerse in concentrated sulfuric acid for 10 m m .

(6) Rinse in DI water.

(7) Immerse in semiconductor-grade dete rgent in water with
ultrasonic agitation for 10 m m .

(8) Rinse in DI water.

(9) Immerse In hot flowing particulate -free DI water for 60 m m .

(b) The substrate surface should be examined to confirm that It is free
of particles and organic residue.

Ic) The glass must be thoroughly dry . It can be dried using an infrared
lamp or in a clean oven.

(d) The glass substrate is coated with a film of polylmide precursor by
spinning a diluted solution of P1-2530. A solution of 4 part s of
P 1-2530, 1 part N-Methyl-2-Pyrollidone. and I part acetone is applied
to the substrate through a 0.2-1g m sintered-silver filter. The substrate
is spun for 120 sec or until the film is dry. Spin speeds of 3 and 8 krpm
yield final polyimide film thicknesses of 1.4 and 0.9 ~sm, respectively.
A vented spinner must be used because the solvents are toxic.
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(el The substrate is baked at 150°C for 15 m m .  in a clean vented oven
to thoroughly dry the film.

(f )  The film of poly imide precursor is polymerized to yield polyimide
plastic by curing at 250°C for 60 m m .  in a clean vented oven. Thus
prepared , these substrates can be stored indefinitely while awaiting
furthe r processing.

II. DEFINITION OF A GOLD AI3 SORBEIt PATTERN ON THE POLYIMIDE FILM

Poly imide is not seriously degraded by heating to temperatures as high as 400°C or by the
chemicals used in most microfabricat ion processes. It is compatible with most pattern defini-
tion techn iques. The grating patterns used for the report work were defined by holographic
lithography and ion-beam etching. The process steps are as follows:

(a)  To insure good adhesion between the polyimide and gold overlayer ,
the polyimide-coated glass substrates are cleaned in an oxygen plasma.
About 15 rim of poly imide is removed by subjecting the substrates to a
30 sec clean at 300 ~V of input power using an LFE plasma asher.

(h i  Immedia te ly  af ter  cleaning in the plasma asher , 10 nm of chromium
followed by 100 rim of gold are deposited on the polyimide by electron-
beam evaporation in a hig h vacuum.

(c i  The gold is coated with 100 rim of Shipley AZ- 1350 .T (Ref.  11) photo-
resist. A solution of 7 part s of AZ- th inner  and 2 parts of AZ- 1350J
spun at °‘ krpm for 30 sec yields a film 100 nm thick.

( di  The sample is baked at 80°C to drive off the photoresist  solvents.

(e)  The photoresist outside a l .~~5-cm x 1. ~~~-cm square a rea in the
center of the samp le is exposed to u l t rav io le t  light and developed
in a solution of I part AZ-developer to I part water. This leaves
a square of unexposed resist  in the center of the substrate.

( f )  A grat ing is exposed and developed in the remain ing  photoresist
square using the holographic lithography process described in

V 
Section I ll -B .

(g) The substrates are mounted on a water-cooled flat a luminum plate
which acts as a heat sink du r ing  ion-beam etching. The a luminum
plate is heated to ~ 8O°C to liquif y the A piezon-N vacuum grease
which is used to provide thermal contact between the p late and the
substrate.

(h i  The samples are ion-be am etched using a neutralized 500-eV argon
ion beam with a current density of 0.65 mA/cm 2 . Etching is ter-
minated when all of the gold has been removed outside the grat ing
area (~~90 sec for 100 nm of gold) .

• ( i i  The substrates are removed from the aluminum plate by heating the

• p late to l iquif y the grease. The grease is cleaned from the substrate
-• u s ing trichlorethylene.
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III .  R E M O V A l .  OF THE GLASS SUBSTRATE

(a )  A mixture of Devcon 34 5-mm . epoxy is prepared.

(b ) A uniform layer of the epoxy is applied to the end of a 1.5-mn. -dia.
copper- tube etching holder. (See Fig. 111-12(a) .!

4 ( c i  The epoxy-coated copper holder is pressed to the polyimide side
of the st .bstrate and allowed to cure for 2 hr at room temperature.

(d i  The substrate and end of the holder are immersed in a solution of
2 parts Conc. HF and I part H20. 8 mils of glass are etched in

16 m m .  (See Fig. I I I -1Z( b ) . J

(e )  W hen the glass has been completely etched away, the poly imide
membrane arid end of the holder are dipped into H 20 and the n into
isopropyl alcohol. (Water will “bead up ” on polyimide while it will
wet glass, thus it is possible to monitor the presence of glass on the
membranes by the wetting of the membrane. )

( f )  A fter a ftna l  rinse in isopropyl alcohol , the polyimide membrane is
blown dry with ni t rogen.

IV. M O U N T I N G  OF TIlE X — R A Y  MASK ON A R I N G  h O l DER

A flat ring can be epoxied to the polyimide side of the subst ra te  be fore the glass is etched
away as shown in Fig. 111- 12(a) . This would be done at step B-111-d. If a ring was riot bonded
to the pol y imide at that point , a support r ing must  be bonded a f te r  the glass has been etched
away. Aluminum rings with 1-in. 0.1). and 0.7~~-in. 1.1) , and 0, 1 - in,  thickness were used for
the masks fabricated for the report work. One surface of the r ing was beveled at an angle of
5 . The membrane is mounted on the r ing by coating the beveled surface of the ring wi th  a
low-viscostty  h igh- temperature  epoxy (Tra-Con 211°O~~ and gently pressing the r ing to the
polyimide membrane which is  s t i l l  attached to the copper-tube etching holder. Af te r  the epoxy
has cured at room temperature , the superf luous membrane outside the a luminum ring is cut
away wi th  a knife .

An a luminum film for use in the e lectrosta t ic  hold down scheme described in Section 111-C-S
can be evaporated onto either side of the X-ray mask. The resulting mask configurat ions are
shown in Figs. 111-13 and 111-14.

V. THE PROPERTIES OF THE P O I V I M I D E  PRECURSOR P 1-2530

P 1-25 30 is a polyimide precursor which consists of a solution of polyamic acid in N-Methy l-
• 2-Pyrollidone and cellusolve. U pon heating, the polyamic acid polymerizes to form polyimide

plastic. Polyamic acid is soluble in a very limited numbe r of solvents. It is not soluble in any
of the common solvents such as acetone , t r ichiorethylene , or methanol. Water reacts with
polyamic acid to form a white resin which is completely insoluble in any solvent. P 1-2530 has
a very limited shelf life at room temperature and must be stored at a temperature of <40 °F at
all times. Because of these properties, the following precautions must  be observed:

(1)  Water reacts with P 1-2530 to form an intractable residue. Anything
which touches the solution must  be strictly dry.
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(2 )  Solutions of P 1-2530 should be allowed to warm to room temperature
in a closed container be fore use to avoid condensation of water on the
surface of the liquid , also cold solutions of P 1-2530 are very viscous
and are difficult  to force through 0.2-sm filters.

(3) I s e  only sintered-silver filters83 for filtering the solution because
of the corrosive nature of the P 1-25 30 solvents.

(4)  Always use a vented spinner when spinning P 1-2530; the fumes are
toxic.

( 5 )  Always use a vented oven for baking the P 1-2530 coated substrates .
poisonous amine fumes are produced during curing.

(6) When preparing solutions of P 1-2530 and 1:1 acetone: NM? , use only
fresh acetone since acetone absorbs water when exposed to air.

(7)  P 1-2530 is very difficult to clean up and its residue can easily con-
taminate glassware. Discard any beakers or other containers which
become coated with the solution. NM? will remove uncured P1-2530,
but it is very expensive $50.00/liter.
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APPENDIX C
PREPARATION AND SPINNING OF POLYMETHYL METHACRYLATE (PMMA)

PMMA of 950. 000 molecular  weight was obtained from Esschem Corporation.83 To insure
that the unexposed PMMA had the minimum solubility in the developer of 60% isopropy l alcohol
and 40% methyl isobutyl ketone, the 950 , 000 molecular wei ght product is “leached” in the devel-
oper. Ten grams of PMMA is mixed with 1000 cc of developer and stirred for 24 hr . at which
time the remaining ?MMA is separated from the developer by vacuum filtration with a fritted-
glass filter. Any remaining solvent is allowed to evaporate. The “leached” PMMA is then
dissolved in monochlorobenzene C6 H 5CI. Concentrations as great as 16% by weight are possible
at room temperature.

Spin-coating samples with solutions of PMMA in chlorobenzene requires some special pre-
cautions. The solution must be filtered to remove any suspended particles. Sintered-silve r

• 84 .filters which fil ter to 0, 2 ~m have been found to be satisfactory. A vented spinner should be
used because the monochlorobenzene is a toxic substance, and a moderate air velocity normal
to the sample surface helps to prevent any PMMA “ cobwebs ,” which may form at the edge of
the sample during spinning, from falling on the substrate surface. After  sp inning (sp in time
60 sec). the PMMA film is baked at 180°C in flowing dry N 2 for 30 mm . to drive off the solvent
and to remove residual stress in the film.

A table is given below of measured PMMA film thickness for PMMA concentration of 4%
and 8% by weight in C6H5CI and spin speeds of 3, 5, and 7 krpm. The solutions are prepared
with the following quantities of C6H 5C1 and PMMA.

86.8 ml C6H 5CI 83.2 ml C6H 5CI

4 g PMMA 8 g PMMA

100 g of 4% solution 100 g of 8% solution

TABLE C-i

PMMA THICKNESS VERSUS SPIN SPEED
AND CONCENTRATION IN C6H 5CI BY WEIGHT

3 krpm 5 krpm 7 krpm

4% Solution 330 rim 240 rim 210 rim

8% Soktion 1250 rim 1000 rim 860 nm
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APPENDIX 1)

PROPERTIES OF MBBA AND M-24

I. MBBA

MBBA is an abreviation for N-Cp-methoxybenzylidene -p -buty laniline with the formula:

CH3 
~~~~~~~~~~~~~~~~~~~~~ CN

2 /
CH 2

MBBA is a “thermotropic ” li quid crystal  which changes its phase as the temperature varies .

It exhibits a nernatic phase from 20° to 47°C . Above 47°C , MBBA is a conventional isotropic

liquid.
The elastic constants which characterize MBBA are as follows:

(Splay) K 1 5 .3 ± 0.5 X IO~~ dynes

(Twist) K 2 2. 2 * 0. 7 x 10~~ dynes

(Bend ) K 3 7.4 5 ± 1. 1 x IO~~ dynes

The indices of refraction are as follows:

1.5443 ordinary
• at 6328 A1, 7582 extraordinary

1.5615 ordinary
• at 5145 A1.8062 extraordinary

U. M -2 4

M -2 4  is an abbreviation for 4-cyano-4 ’ -n-octoxy biphenyl.85 M -24  is a thermotropic li quid

crystal. It exhibits isotropic , nemat ic , smectic A, and crystalline phases over the following

temperature ranges:

Isotrop ic T above 78.3°C

Nematic 66 .5 °C < T  < 78 .3°C

Smectic A 54 , 5°C < T < 66.5°C

Crystalline T < S4. S°C
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