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I, ENTRODUCTION

Dresner and Stringfellow! reporied ihat the
raclial srowih rates of spherulitic crysials in
selenium [ilms me sharply enhanecd,
by

wavelengths less

amorphaus

hy as much as an oxder of magnituds,

irradiation with light having

thun a oricical value. They presenled convine-
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—32. 7{kcal/mal} /RT) cm/sec 3

ing evidence that ihis behavio: reflects poin 5}
the phota, vather than the thermal, ]
the irradiation. We decided 1o try to d £1LI-
1z2 these pnote effects more {ully. In the course
al our sludy,  we observed some  imperlant
fzatures of the pure thermal 1esponse of the

morphology ond  kiretics of Se erysialifzation

which seem 1o have cscaped notice. In this
paper we report these ohservaiions made on g
Se films of very high purity and comimecni on

their implizations o the cerystallization mecha-
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nism as well as o the rvelation, considercd by
others, 27! of Lhe crystallization marpghology to
thal of linear polymers. We plan Lo repert cur
resulls on the photo and impurity elfecis on
erystallizalion in n [ulure paper.

2. Experimental Procedures and ilm
Btructure

The filmns were formed in a chamber evacu-
ated to pressures loss than 5@ 107% Torr hy
evaporaiing high purily seleninm, nominal purity
99. 999%

Menomonee TFalls, Wisconsin}, from a tantalum

(supplicel by the Cerac/pure Co. .

hoal onto {reshly cleaved mica substrates held
al roomn ilemperature. Deposition was carcied
ou! at rates of the order ol 0.0i—0. Lgn/uin
1o form amorphous [ilms with thicknesses ran-
ging between (.05 and 20y We ftound that
the as-formod Jilme az well as the amorphous
parts of ihe films alter pardal erystallization,
weve complelely dissolved by carbon  disulfule
after short tlmes al room temperajuve. [n com-
trast, the crystalline (hexagonal structure) parts
of tha [1lm were leflt inract hy ‘the CS, “This
behaviar {acilitated examination of the crystall-
izatica morpholegy through the eatire thickness
of the filor.

Thers is ovidencs that CF selectively dissclves
the ring compounenls, primarily Sey molecules,
ef amecrphous Se, leaving the chain componeni
as residuc®. Trom this we wight inler, from
their dissctulion behavior, that our as-deposited
in ring [orms. However, we have no ofhe:
evidence (o aupporl this inference.

The cxtent and torms of the crystalliraiion
wore investigaied by optical and electron micr-
oscopy. A Reichert mnodel Mel niicroscope was
used for the optical ohservations. For conven-
ience we shall, throughout the paper. refer o

the various rypes of microscopic examiuation

by combinations of the (ollowmng symbels: I-
inwerlace. F-free surface, P-crossed polarizers,
A-analyzer onlv, R-rellectipn, and T-transmi-
ssion. For example, TPR will indicate an opuical
microscope observation on the mica-filin inter-
{ace side with crossed polarizers by rallected
ligh. An AME model 900 scanning elecivon
microscope (SEM) wes used o obtain  microg-
raphs of crystal surfaces expesed by C8; elches.

-
{
I

The diffraction paliern and struciurs of some
uf the thin crysialline agaregaies were exanlin-
ed by lransinission electron microscopy (TEM!}

with a J. E. M. 120 electron microscops.

mens for these ohservations were pregaved by
(oating the crvstallized films ofl the mira sub-
slrate oy water Immeisian.

3. Resaits

A. Crystallizatier worphelogy

1 Guaeral feaiwres

d i the

Crystallizaven of the [lime cecu
course of isothermal anvealing, ai iwmperacares
ranging [rom 30 to 100°C, Dby the nwcleation

and grow(h of polyerystalling aggracates which

Iy, 1 Exawnles of varicas morphologies of laoeri-
ace eyhindrites ghserved in different hlms. {a) (IPR}

irregular, growp al room iemperalure during f-month
period; (b)Y (IPR) 100°C; (¢) (TPR) 75°0C; (43 (I['TE)
47°C; (e) (FPR}; and () (JPT) regulaxr. £7°C
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we shall call cylindrites. A cylindrite, the two-
dimensional analog of spherulite, has a disklike
Jorm and is composed of erystallites radiating
from the disk center, oriented so that the axes
of their Se chains lie, approximately, in the
diske plane perpendicular to a radial direction.
The annealing was carried out by holding the
specimens in an aluminum chamber, to be
described in a fulure paper, at a controlled (£
0. 5°C) temperature.

All of the cylindrites observed appeared to
have originated either at the mica-film interface
{interface cylindrites, e.g., Iig. 1 or at the
[ree surface {surface cylindrites). The interface
cylindrites were examined most easily by pola-
rized light, either reflected from the interface
or transmitted through thin specimens. Surface
cylindrites were observed by reflection of light
[rom the free surface. Their radial growth rates
were much less than those of the interface
cylindrites; they were detecled only after cryst-
allization in the mica-film interfacial region was
completed and in {ilms which were much thicker
than the thickncsses (approximately 500 A) of
the interface cylindrites. Often a sarface cylin-
drite was {ound to connect (o a filamentary
crystal which seemed to have emanated from
an interface cylindrite and grown through the

film io the free surface.
2. Interface cylindrites

We noted that in the thicker {ilms the inter-
[acial region was complelely crystallized by
rapidly growing cylindriies bhefore any free.
surface crystallization was detected. In free-
surface exarinations this interfacial crystalliza-
tion would not be apparent in [ilms with thic-
lenesses greater than 10-20pm, Dut in  thinner
films it is manifested by the well-knwn “visual
darkening” and by reflection microscopy with
polarized light. owing to the greater transmi-

ssion of red light by the amorphous, relative

10 the crystalline, stale of Se. Figure I shows
the morphologies of some typical interface
cylindrites as viewed [rom Lhe interface side.

The thicknesses of the interface cylindrites.
as measured by the MNormanski technique. were
found to be 500--i00 A and it appears that
they remain essentially constant throughout most
of the radial growth. though our evidence for
this is not conclusive.

At a film thickness of the order of 500 A
the interface cylindrites can he ohserved from
the free-surface side, and Fig. 2 shows some
micrographs of such observalions. Note that at
its leading edge a cylindrite is much thinner
than in its middie areas. Also, z small central
region, ihe “double leaves” region [(see Fig. 2

(d)] has remained amorphous. This region

L1504 1 3008 @

Fig. 2. Interface cylindrites growing in very thin
filme (approximately 500 A thick) as viewed from

free surface side. (a) (FPR) and (k) (FR), same

gpecimen, 80 min at 77°C:; () {(FR}, 17 min at
87°C; note appsrenily amorphous “double leaves”

regiomn.
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Fig, 3. Exhibitions of regular-and irregular-type
merphologies within same specimens. All (TPR). (a)
Regular —» irregular following growth temperature
«change 100 — 72°C, (b) Tirsgular —» regniar due to
upquench, 72 — I100°C, {c¢} Rare simultancous appe-
arance of both types in nominally uniform film held
at §7°C for 90min (d) After lomg hold at 72°C; mica
subsirate had been exposed to vapor from bailing
waler prior to film deposition,

crystallizas at 2 later stage 1o erystals with
oricniations very different from those which
constitute the main body.

We note from Fig. 1 that the different cylin-
drites display quite different types of inorphol-
ogy, ranging, from a “rogular” type seen in
Trigs. 1(e} and (f) to an “irregular” iype as
shown in Figs. 1(a)—{d). As we shall see,
the degres of crystalline perfection is essentially
higher in the regular ihan in the irregular
cylindrites. I general, the higher is the crys-
tallization temperature. ithe mare regular is the
cylindiite morphology [(see the sequence 1{a)—
1(e) in Fig. 1], Apparently these morphologies
are estahlished in the course of crystallization

and do noi change detectably in subsequent

annealing at (emperatures as high as 100°C
This behavior 13 most apparent trom the results
of temperature cycling experiments. IFor exam.-
ple, Fig. 3(a) shows an abrupt change from a
regular 1o an irregular mode of growth accom-
panying the downquench, 100-+72°C, and Fig.
3(L) shows the opposite change resulting from
an upquench, 72—10G°C.

The temperature at which the transition from
the irregular to the regular morphology of
growlh 18 completed varies markedly with cha-
nges in the conditions, e g.. subsirate prepar-
ation, of film deposition. For example, in some
{films the morphology is reyular at crystallization
temperatures as low as 57°C while in others it
is quite irregular at crystaliization Lemperatures
as high as 100°C. Rarely,
irregular morphologles are secn, as in Fig. 3
{c), in the same film following isothermal

both regular and

crysiallization. Apparently the substrate prepa-
rarion is quite a decisive factor, as may be secn
from Fig. 3(d) which shows the crystallization
morphology of a film deposited an a mica
sucface which had a prior exposure 1o vapor
Alsa,
growth temperature at which the marphology

from hoiling water. we found that the
hecomes regular is lowersd hy an increased
snbsirate temperature (e. g., 40°C) during dep-
osition. fast evacuation rate, slow evaporation.
and formalion of substrate by cleavage in dry
nitrogen.

The microstructures of the interface cylindrites
were examined by scanning electron microscopy
(SEM) {rom hoth the free surface (see Fig. 4)
and interface sides (see Fig. &) of the film
after the amorphous material had been dissolved
away by €S, The crystallographic structure
and orientations in the cylindrites were determ-
ined by the diffraction of transmitted electrons.

The scanning miciographs indicate that each

cylindrite, whether regular or irvegular, is co-
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Fig. 4, Scapning electron micrographs (SEM's) of
interface cylindhites on {ree-surface side afier CS, cich
(a) Mote the crack due lo etching,
lamella 1 vegion marked by 1ectangular [rame, (b}

ranching of

Higher mugnilication ol region mneal fracture: note
(black orrows) that crack follows domamm boundarics
{¢) Higher magnificalion of (a) remsic [rom crack.
(dy Cenuial area of a diferont evlindrite; ¢ axes are
paraliel with the longer dimensien of domain: uote
(whiie arrows) that domain juaclures are not inveri-
ably edze o edze m face 1o face.

myposad of small slablike civstallites, or domains,
with chicknesses of the order of (.1 zm and

fateral dimensions of the erder of 0.5—1 .

Exespi in the “double leavos™ vegion (see }
d (a)]. the domains are always arranced in
the cylindrite so that the ¢ axes, which are
parallel to the azcs of the Se chains, lie in
planes parailel 1o the subsiraie and io directions
perpendicular (o the radial directions of the
cylindrite. The 2 axes exhibil no preferred
orientations relative to the substrate plane.

Figure 6 shows some af the dilfraction patterns

from rzcular eylirdrites on which the analysis
ol origniation relations was based. The presence
ol forbiddzn spors 1 these pauterns is attribuled
to double 1efleztion. ™7 In conirast with the

izdrt-

arrangemenis 1 Lhe wain hody of the o
ite, the ¢ axos in the coniral “double leaves™
region are al rays more or less parallel to the
the main  hody 1rd  the

boundary  hetvean

“double leaves”. Fiom this it appears that the

direction aloon the Junger dimensions of doma-
ins. as scen o Pigs, Jfa) and 4(d), 1n regular
cylindrties are parallel o the ¢ axcs

In tha regular evlindrites most of the demains
appear Lo be siacked together 1o form loay arms

or lamellas with Irregular cross secticas, wheeh

iz, 5 BLM e of Inferfaze ovlindrils on ntecface

side after 1-Iv ecth 12 CS., () Ceatral vemor shaws
irregulm growlh at room lemperalure. ouler  cepion
by 720
h) Higher magnilication of ‘rreqular regicn  circled

shows regular growih following  upguench

in {a); nowe both latnial and edeewise connecuon of
domains. {c) Hagher maynilication of lransilion rogion

cireled in (1) nolc ieraced liyvering on surfase of

regular ¢, imdyite

(429



extend radially from the ceatral region Lo the
edge and through ihe calive thickness of the
evlirdrite, Within 2 sincle lamella no dilferences
in the grieniations of adjacen: domains were
detecied by dillraction, thus, the lamellar dom-
2in siructure was apparent only from  the CSg
etch, The struclure of these lameliae is somewe-
hat similar to the “epilaxial lamellar overgro-
wrhs on interciystalline links™ and the “shish-
kebab™ structures” sometimes ohserved in lincar
polymer systems. Peiween the lamellae there is
a connective tissue comsisiing of a less dense
aggregate of domains which are misoriented
somewhat relative to the average and ideal
arienlauon already specified. Noie [Fig, t{a)]
the {racture which has formed parallel 1o an
imierlamellar boumdary and ihe appsavance of o
new Jamella in an intzvlamellar region  well
cutside the certral part of the cylindote. It is
the Initer type of oveni which teuds to keep
tae iaterlamellar specing ronstart  throughout
the evlindrite growth,

As the erystallization temperature Jecreasas,
the grouping of domains into lanellae becomes
less definite and, in whal we bave called 1eve-
gular cylindrites.  the lamellar stroecore is ne
jowger appaient [see Figs. G(a) and 5(b)]; w
affact, the entire shincturs is the same g thal
af the intevlamellar regioas of the vequla: oyli-
ndvites. A trensmission diflraction pallern from
a portion of an irregular cylindriie is shovn in

Fig. 7lh) lef pattern fo Fieo 7ie) from a reg-

2

sl eylindriee).  Tu relecry & pelyerysialiine

gregate in the spreilisd preforvea omentaiion.

ae
Coe

The microsraeies of an rrcoular{ 7o=01°C)

03

and racular (Te—72°C) cylindvite,  as viswad

» the inerfees alae,  ave compared diresl

in Fig 5. We notz that the individual doma-
ins, as indicated by the while spots, exhibit
ahout the same size, despite the different erys-

tallization tomperalures. in both types of eyli-

(

ndrite. The structure. includirg e Jamelae,

of the regular evhindrite 13 rol well delived on

Lo

Lo 13

~+

his micragraph owing
Lrap 5

piehing.
g

5. Cemparison with morpacicys ef finear

palymer crystals

It is apparent from the feicgei g that the
morphelogy of Se cvlindmtes (iffere in Important
respects [rom that of spheiuliies. 2z well as
single erystals of orzanic linear pelymers, cven
though the ¢hain zxes ave frr the mos: part
gimilarly oriented in Boil lypes of siuciure.
Mas: rmportastly  che Se loncllae are very

much thicker. by izccrs up Lo several turdred.

and much mere irregular in cress szeilon than

the larcellae formed in the erystallizaon ol

" L _ A
linear polvimers. Fver the length (300—2000A)

Fig. 6. Transmission clevizon miclograph (TEM)
of ceniral zrea of regular eylindeite and  dilfraction
palterns, as correcied lor image 1otaiien, of sclected
areas. Dhreclions of ¢ axes are indiceled by the longer
diagorals of the while markers.

3
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Fig. 7. TEM: (a) Boundary region hetween rug-
ular and irregular morphologies of a cyhndrite. (b}
Difliaction pattern, as cogrected [ar image rotation,
from an irregular region; aiced rings indicale prefe-
rred orentation [001), velative to subsirale plane
and boundery direction. Wo assume that the (00.1)
ring is duc to double refleciion The axial ratio c/a
—1,135 was used for ihe analysiz. (c) Single-crystal
pattern {rom regular region; ¢ axis is parallel 1o
substrate plane and perpendicular to radial direction;
double refleclion spots are indicated by open circles.

of a single Se domain along the chain axis
direction greatly exceeds the fypical thicknesses
of polymer lamcllae, From this and the evide-
nee from the dissolution behavior that the «-Se
{ilms are composed mainly of rings, it seems
that chain folding is not essential for the Se
crystal growth. Also, in contrast with the str-
ong dependznce of the polymer lamellas thick-
nesses on crystallization temperature Te, the

thicknesses of the Se domains seem not to vary

systematically with Te.

Stil! another unique feature of the Se cylind-
rite morphology 1s the oceurrence in the central
(“*double leave™) region of domains which app-
ear lo bhe oriented (see Figs. 4 and 5} with their
chain axes far from Llhe ideal direction (i.e.,
perpendicular 1o the radial direction) specified
[or the arientations in the outer part of the
cylindrite. Indeced, some of the central domains
seem to be oriented with their chain axes rou-

ghly parallel to a radial direction.
4. Filamentary erysials

We have noted that in the crystallization ot
the thicker films, [ilamentary crystals are som-
elimes generated by Interface cylindriles and
then grow through the [ilm in 1solated courses.
Often free-surface cvlindrites develop at the tips
of these filaments after they have reached the
suface.

Apparently the filamenis originate only from
the regions of the mierface eylindrites the orie-
ntations of ihe domains deviate considerably
{from the specified ideal. In parlicular, they
may siem [rom any part of an irregular cylin-
drite (Fig. 8 (a)].

regular cylindrite [(Fig. -8 (c)J,

the ceniral region of =a
or from a
bomndary where two regular cylindrites have
impinged on each other [Fig. 8(h)].
Frequenily, the tilaments starl from irregular
eylindritic regions at relatively low temperalure
but actually achieve most ol their growth after
the temperature is raised to the point where the
motpholagy has changed to the regular type.
When high-temperature growth of a cylindrite
is interrupted periodically by ecycling to and
from room temporalure, rings appear in the
cylindrite which reflect narrow bhands of irreg-
ular growth at room temperalure. Many filam-
ents stem from these rings and then grow

rapidly in the high-ternperature phases of the

(44)
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Fig. 8. Emergence of [lamentary crystals in free
surface and formation of surface cylindrites, Design-
ations 1 and 2 distinguish reflection (FR) [rom tran-
smission (FRT) micrographs of identical regions. (a)
Filaments have grown 2 h at 72°C [rom irregular
interface cylindrite formed during long period at room
iemperalure. [b) Filamenls stemming from interlace
of impingemenl of regular cylindrites on each other:
4h at 67°C. {c) Filaments emanating {from central
region of regular intexface cylindrite after 8h at 77
°C, Note that same filament ends have become centers
of surface c¢ylindrites,

cyele. This behavior 1s apparent from the micro-
graphs shown in Fig. 9. The appearance of
the rings is seen from the interface side in
Fig. 9{(a) and from the [ree-surface side, as
manifested by the growing {ilaments, in Fig.
9(b). Figure 9{c) shows a SEM of the (ilaments
from the free-surface side after thelr exposurs
by etching for 1 h in CS.

Figures 8(bl} (FR) and 8(h2) ({FPT) clearly
show the development of filaments from the
impingement on each other of two regular
cylindrties. The micrograph in Figure 8(b2)

strongly suggests that the {ilaments are stmply

(4

extensions of certain cylindrite lamellae. IF so,
we should expect to {ind that the crystallogra-
phic ¢ axes are always perpendicular to the
filament axes; thus, Lhe divection of most rapid
{11. 0}
or (10.0) plane of the hezagonal crystal, We

growth would be normal either to the

note, also. that the domain struciure of Glaments
—exposed by CS. etching as in SEM. Figs. 10
(a) and 10(b),
as in SEM, Fig. 10(c)—is quite sinular to that
of the cylindrite lamellae.

Fignres 8(cl) (FR) and 8(c2) (FPTV show

filamenis which have grown [rom the central

or just below the free surlace

Fig. 9. Manifestation of filamentary erystals. (a)
(IFR) Irregular ceniral regions formed duriog 3 é‘
months at room temperaiure; outcr regular regions
of eylindrites formed in 2 min at 110°C () (FAR)
different area of same specimen viewed from {rec
surface. Filaments stemming from lregular regions
of interface cylindmtes are manifested by darkened
areas. (¢) (SEM) region of (b) viewed from free-
surface side after 1-h etch in C8;; this revesls filam-
enls which f{ormed rings in (b); arrows point 1o
filaments which have jowned laterally dunng growth.

)



raglal of & regular eylindrite. We nole from

the roflection micrographs, Figs. 3l -—38(cl),

that surlace cylindrites clzarly Lave begun to

develon {rom the ends of lilaments which have
roached the surface.

The foregoing ohsorvalions strongly  suguest
that the flaments develop (o certain domains
in the interface cylindrites in orieniations which
devigte congiderably {rom e specified ideal.
That there is 2 congidevable weatter of ovienta-
Homs abaui the irregular m:uions ol the inter{ace
cylindriles js clear from the dilfractinn pattern
{(TEM),

rite. How th

Fig. 7(h). fiom an irregular cylind-
flamentary morphology  Is veta-
inad  during growth is nor clear. Possihly
laietal growth or branching on  the flament

sidlewalls is inhibiled by a time-dependent

impurity adsorption, in gencral accord with

a model® proposed for :he whisker morp-
hology which develops in certain clectrolytic
growth processes.

Filaments growing side by ade in cfose pro-
ximity often join together as may be seen in
the micrograph, Fig. 0(c). Occasionally =
flament splits and then the Lweo parts rejoin at
2 later growth stage, 10(a)
and 10(b). Also, it is interesting [see Fig. 10

{¢)} that many of the filaments appear to grow

as shown in Figs

more or less parallel to the [rec surface upon
reaching its vicinity. It is not certaln what the
erystallographic orientation of the filament at
this stage is. However, its faceting is similar
to that of crystals which were shown!:¥ to be
growing most rapidly io the direclion of the a
axis, so that the ¢ axis would be perpendicular

io the arrow tips.

5. Swurface cylindrites

The accurrence of the transformation of fila-

ment tips, upon encountering lhe free surface,

L

—— ; %
N 5 A =

Fie. 10, SEM’s of filamenrary erysials. (a) Crys-
tals Irom region similar to thal in 8(c¢) exposed by
1-h eich in C8, {(b; A more highly magnified region
of (a) (<) ™o CS, elehing; filaments in vicinity of
{ree surface ot dilfeieni specimen after & min at 100
°C. Moie (white arrow) apparent development of free-
siiface cylindrito,

into eylindrites is appareuc from Fig. 8(h).
which shows the fips in the [ree surface, In
conjunction with Fig. &(b), which shows =
later stage ol crystallization after cylindriies,
clearlv stemming from the filament tips, have
Figure 11{a} shows SEM’s of filam-
entary tps and Figs. 11(h)—11(d} show surface
The dark
11(b) mayw

reflect the rejection of Impurities during growth.

developed.

cylindrites from ditferent specimens,

bands around the cylindrite in Fig.

The radial growth rates as well as the mor-
phology of the surface cvlindrites are quite
sengitive ip environmen:ial conditions, such as
huwmidity and illumination. Also, the growih
rates are about lwo orders of magnitude less at
the same lemperature than those of the interface
cylindrires.

T is evident from the {foregoing that free-

(48]



Fix. 31. SEM's showing morphology of free-smface

eylindrites. Ench microgieph is from a diffeien:
specimen.  Sequence (a)-—(b)] mav show two stages
of development.  (bj—- (d) show diferenl modes of
development.
Surlae b ﬂL1C“1E ﬂl(‘)WL may UIVC an e€rroncous
imp asias of the valure of eylindrite nucleation.

For example, the appaveniy preferred nuclea-

LGor on eorlain localized regions,  seen in Fig.

\
8b1),
rogrneitics if the connection between free surface

might have been atiribuled to film hete-

and interface cyhndrites had not besn establis-

hed. Alga. in films of intermediate thickness
free surface cylindrites and the lops ol inderface
cylindrites may oceur simulianceously in the iree
surface, since crysiallization preceeds much
more ramdly at the interface than at the free

surface.

B, Growih kinelics of interfaec

cylindrites

The radial gro

neTies Wers ey

wta reios of the inierface cyli-

suiad micreseopically, orther by

conginuous observarion of samples on & tempe-

-20.5°C) ‘hot staga or hy

ralure-conlrolled
mezsurement af the separation ol growth rings
formed when growth at a hizh temperaiure
was twevrupted by evcling Lo and from  room
lemperature. We have noted thal chese demar-
catinn tings are wade appatent by the irregulay
morphology and filnmeni prodaciion of the small

Within

experimental error the isoithermal growth rate

region grown ar room temperature.

0. any given cviindrite was found w Dbe time

indspondent

the regular cylindmies

The srowth ratzs of

L

2

&

5 :

[

5 \@ 4

~Ic? £ =32 7 KeaLo . \.ﬁj

|t N
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280 290

. T

Fig. 13. Temperature dependence of 1adizl growih
rates of intoiface cylindrites. Micrographs show rings
marking growth interruption by duench to room
temperature  (a) (IPR} regular cylindrite  67°C,
arowth miervals 40 min each. (b) (IFR} semiregular
cylindrite, 77°C. growth intervals 10 min each,
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were highly reproducible (+3% for a given
film and +10% for different @ims) and their
temperature dependence (see Fiz, 12) was well
characterized by an equation of the Arrhenius
form:

5 32,7
w6 > 101 exp(u—)---’ f{ig;?lin—lglef)cm/ sec,

In contrast, the growth rates of the irregular
evlindrites (also see Fig. 8 for T dependence)
scattered more and were considerably higher
than those of the regular cylindrites. The
diflereerences hetween the growth rates of the
two types of cylindrites decreases with increasing
temperature, reflecting, perhaps, the inmcreasing
regularity of the morphelogy of the irregular
cylindrite with increasing iemperature. Our
measured growth rates are almost two orders of
magnitude higher than those reported by Crys-
tal, ® Keck, ¥ and Hamada er a/. ™ but are of
the same order as those of Dresner and String-
fellow' with their most intense illumination.
We made scatiered observations on the radial
growth rates of interface cylindrites in {ilms
depostted on glass or on KCI cryslal suriaces
[ormed by cleavage; these rates were subslanti-
ally the same as those in the flms deposited on
mica. Also. the growth rates al lower temper-
atures werc not appreciably changed by annea-
ling the films at temperatures as high as high
as 90°C.

The apparent activation energy for growth,
32. Tkeal/mole, is of the order of the reported
Se-Se bond energy, 4lkcal/mole. ¥ However,
the precxponential factor is about i0'" times
that which would be expected for a simple
singly activated process:

po=F fAvetS R,
where f is Lhe fraction of surface sites which
are growzh sites, A isthe interatomic separation
jn radia)l direction, ¥ is the normal oscillation

{requency of an atom or 4 segment of atoms in

the amorphous-crystalline imteifacial region,
and 15 is the entropy of activation for growth.
Also, we assume in the caleulation that the
thermodynamic driving free energy laclor is at
its maximum value, unity. The growth rates
are of the magnitude of, though somewhal
higher than. the values calenlated from the
scaling relation belween growih rale and recip-
rocal viscosity. Tor these comparisons we used
the melt viscosity daia of Cukierman and Uhl-
mann’®, which may not be appropriare for
vapor-deposited {ifms.

The wide scatter in radial growth rates in
different investigations, as well as between
interface and free surface cylindrites, probahbly
veflect, primarily, impurity cffects. In covalent
systems impurities can either catalyze or inhibit
crystal growth. Our experience, to be described
in a future paper, on the effccts of addition of
small concentratinns of impurilies. slrongly
suggsest that most o the variability in radial
srowth rates in deposited o Se films Is due to

impurity inhibition eilects.

1V. Discussion

Our observalions have rovealed a cowrse of
morphological evolution in crysiallizng films of
cvolution in crystallizing films of a-Se which
seems not to have heen recogmized herceotore.
There is the initial rapid growih of thin inter-
face cylindrites 1o diametors as greal as several
millimeters. [i 18 the formation of these cylin-
drites which accounts {or the phenomenon of
“yisual darkening” of @-Se fihms. Filamentary
crystals stem {rom the less regular parts of the
interface cylindritzes and grow through the films.
Upon reaching the {iee surface the tips of some
of these filaments generate cylindrites which
ihe surface plane.

grow in, and parallel Lo

Ohbservation of this plane alone would have led
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to the erroneous conclusion that each of these
cylindrites had nucleated independently in the
Iree-surface region,  The mechanism  wherehy
eylindrites are generated by the [ilamentary
tips is still an unsolved problem.

Ti appears that the patiern of morphological
development which we have outlined may be
lairly general [or «-Se films. Also, it may he
the pattern {ollowed in the crysiallization of
ceriain linear polymer thin ilms. More partie-
ularly. the two distinctly different types of
spherulitic morphology rveported {for certain ol

these films!?-18

may  reflcel the sumultaneous
presence of interface and swface cylindrites
We have noted that the moalecular chain axes
are perpendicular to the radial. directions in the
ouler regions ol both Se eylindrites and linear
polymer spherulites. However, in view of the
large dimensions of ihe individual domains,
it does not seem likely thal chain folding is

required in the [(ormation ol Se aylindrites,
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