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INTRODUCTION

High resolution transmission electron micrscopy (t.e.m.) has
been recently applied to the study of order in noncrystalline
solids. Since scattering methods yield only statistical data
averaged over the entire specimen, structure determination
by direct imaging presents the possiblity of the investigation
of local regions of order in a disordered matrix and can yield
information unobtainable by other means.

In 1967, Yeh and Geil' suggested, largely on the basis of
dark field electron microscopy observations, that ordered
regions (so called ‘nodules’) existed in glassy poly(ethylene
terephthalate). This initial work has been followed by other
investigations on atactic and isotactic polystyrene? poly-
carbonate® ®, polybutadiene® and polymethyl methacrylate?
and all of these nominal ‘amorphous’ polymers have been
found to have similar nodular structures with diameters
ranging from 2—20 nm. Parallel to, and quite apart from,
this polymer work are the more recent observations of order
(so called ‘microcrystallites’) in amorphous semiconductors
and amorphous metals. These observations date from 1971,
when Rudee” suggested. again on the basis of dark field obser -
vations, that ‘amorphous’ germanium consisted of very small
wurtzite crystals. A number of subsequent experimental and
theoretical investigations have followed which have resulted
in a deeper appreciation of the complex problems of image
interpretation of disordered solids® " '°,

The original interpretations’” of local order in noncrys-
talline materials were based on the observation of bright
arcas in the dark field image (usually formed with scattered
electrons trom the first diffuse diffraction halo, see Figure 1).
These bright arcas are interpreted as regions in the specimen
which are sufficiently ordered to diftract coherently. The
size of the bright region in the dark tield iimage is taken as
the size of the ordered region. This approach is based on
the well developed theory of dark field image interpretation
for large crystals, but as we shall sce, the extension of this
interpretation to image features less than about 3 nm in dia-
meter is not at all straightforward. In addition to the direct
observation of order in amorphous polymers by dark field
microscopy. there is also evidence for order in amorphous
polymers from radiation damage induced changes in the
clectron diffraction pattern' and from electron diffraction
studies ol liquid polyethylene films'2. Bright field micro-
graphs of metal-shadowed polymer samples also exhibit
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Figure 1 Optical configuration in the electron microscope for
different imaging conditions

rough surface structure on the same scale as the domain size
but no direct relationship with the bright regions observed
via dark field has been established.

Both tilted and axial bright field lattice imaging tech-
niques (see Figure [) have been applied to structural studies
of amorphous semiconductors and metals. but since the
domains in amorphous polymers are not expected to con-
sist of perfectly ordered chains, lattice imaging techniques
have not been attempted. Furthermore. the radiation in-
duced defects would make such lattice fringe observations
quite difficult, even for sufficiently ordered domains. In his
initial dark field work, Rudee suggested 1.4 nm diameter
wurtzite microcrystals existed in amorphous Ge. Work with
higher resolution instruments has since yielded smaller bright
spots in dark field (0.5 nm diameter) which were interpreted
again as still smaller microcrystallites'®. Further support for
the microcrystallites in Ge came from bright field lattice
imaging, which showed small patches of fringes which were
interpreted as the crystallite lattice plunes™. However, such
fringes could also be shown to arise trom relatively ordered
regions within a continuous random network model®.
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Krakow and Ast'® showed that the inelastically diffracted
electrons actually account for the fringes observed in amor-
phous Ge. For tilted lattice imaging, two sets of fringes due
to mutual interference of the elastic direct and scattered
beams and the mutual interference of the inelastic direct and
scattered beams are always produced In general (continuous
distribution of scattered beams, slight objective lens defocus)
there will be many sets of fringes and these will be shifted with
respect to one another resulting in no overall fringe contrast.
For amorphous samples where the scattering distribution is
nonsymmetrical and continuous across the objective aper-
ture, two groups of these many sets of fringes, those origina-
ting from the interference of scattered electrons on the
achromatic circle with the direct beam will be in correct
registry and dominate the observed image contrast, leading
to artifact crystallite fringes.

Furthermore, the dark field speckle was shown to be
possibly only simple statistical peaking in the image of a ran-
dom solid®®. Theoretical studies have shown that coherently
scattering regions are not incompatible with a random net-
work model®. Kinematical image calculations using the
Polk continuous random network model and a polycrystal-
line cluster model (1.5 mm diameter microcrystallites) show
qualitatively similar speckle patterns in the dark field image®.
Moreover, only for extremely thin films (ca. S nm for Ge
films) is the image of a fully diffracting 1.5 nm diameter
microcrystallite embedded in either an amorphous matrix or
a random oriented array of 1.5 nm diameter microcrystals
discernable. For a 10 nm thick film the microcrystallite
image would be obscured by the images of experimental
images [for which film thickness is considerable (several
tens of nonometers)] may “be nothing but random, fre-
quency filtered noise™!'°,

Recently, Uhlman and coworkers have repeated the ex-
periments of Yeh on a number of glassy amorphous poly-
mers'®'7. They arrive at the conclusion that no real ordered
structure can be associated with the dark field images of
amorphous polymer films. However, though this conclusion
is consistent with the evidence to be presented in this paper,
no convincing arguments for their assertions are presented
and, moreover, their paper presents questions concerning
the image formation process in the electron microscope.

It is therefore appropriate to reexamine previous electron
microscope investigations of order in amorphous polymers
critically in the light of these recent developments.

Transfer theorv of image formation

In order for the reader to appreciate the complexities and
problems of image interpretation of disordered solids, we
present here a brief outline of the transfer theory of imaging
(in one dimensional form for simplicity). More extensive
treatments of the subject may be found in other texts!®%2,

In the electron microscope, the incident wave (assumed
coherent and of amplitude unity) is modulated on passing
through the specimen to give the electron wave in the ob-
ject plane, Fo(rg).

The image formation can then be expressed as resulting

* ¢ is half of the scattering angle

t This is true if K is parallel to the optic axis, if not, x is expressed
as a function of a, the angle between the scattered beam and the
optic axis and is x(a) = 1/A(A Za? + Cga?f2)

t The position vector ri in the image plane is related to the object
planc coordinates by —r;/M = rq where M is the magnification. For
convenience we take M = 1 and use the inverse [ourier transform
notation to take care of the image inversion
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from two successive Fourier transforms First, the object
scattering distribution in the back focal plane (b.f.p.) is the
Fourier transform of the object function. Second, the image
function is given by the Fourier transform of this scattering
distribution.

The object scattering function is expressed as:

+oo

Fo(K) = S Fo(rg)e2iK ro dr, (1)

—o0

where K is the difference scattering vector between the inci-
dent wave vector k and the scattered wave vector ’i” ie.
IK1=lk' — k| = 2sin8*/X. The imperfections of the micro-
scope imaging system can be expressed in terms of a genera-
lized transfer pupil function P(K) so that the effective
scattering distribution Fj(K) in the b.f.p. is:

+oo

Fi(K) = P(K) S Folro)eiK rodrg @)

P(K) can be expressed as
P(K) = A(K)ex(K) (3)

where 4(K) represents the effect of the objective aperture
in the b.f.p. of the objective lens and is for a circular aperture
centered on the optic axis:

1if 1K1 < Kppax
A(K) = 4
0if IKI> Kpex

x(K) is the phase shift produced by aberrations and defocus
in the imaging system. If only spherical aberration and defo-
cus are considered:

m
x(K)=m\AZ)K? + Ecs>\31<4 ®)

where AZ is the amount of defocus, Cy is the spherical aber-
ration coefficient of the objective lens, X is the wavelength
of the electrons and K is defined as beforet. Then the
image function is:

Kmax
Fir) = S Fo(K)P(K)e=2miK ridK 6)¥

—Kmax

For an object composed of NV atoms located at object co-
ordinates r;, Fo(rg) may be written as

N
Fo(re)= > ;8(r0 - 1) Y

j=1

where f; is the atomic scattering factor for electrons for the
jth atom. Fy(K) then becomes
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+ oo

Fo(K) = S Z/}S(ro - rj)cznik-rodro (8)

o f
which gives the familiar result
Fyo(K)= Z,f}-ez’f”\""/ (9)

]

The image function is then

szDC
Fi(ry) = S Z JjedmiKirj=rieX{K)dK (10)
- Kmax /

Weak phase object
For light atoms, the atomic scattering factors can be ex-
pressed as

fi=1+ip;

where p; is real and < 1. For the weak phase object equa-
tion (9) becomes:

Folk)=1+1 > pje2nikrj (11)
/
whereby the image amplitude is then:
+KI77[IX
Fi(ry=1+i j zp/_CQniK(rj— reix(K K (12)
K’IH(IX /
which can be written as
Fir)=1+yg (13)

where 1 is the transmitted amplitude function (equal to the
incident function) and g is the scattered amplitude function.
The image intensity is then

()= 11+ ygl? (14)

Bright field image for a weak phuse object
Since the scattered intensity is very weak with respect to
the transmitted intensity,

*
Ipp =1 +ygtig (15)
where {7 is the complex conjugate of g
or
+I\.Nltl.\'
Ipplrpy=1 i j Z pye2mKelrisrie INgK
/\’I.‘I(l.\' l

K prax
+i S z p/_elin[\’(r/— rideixdK (16)
) K"ltl,\' ]
Assuming tor simplicity only one tvpe of atom,
+Kmax |
Igp=1+N, § (e [2imK Uy —r) + ix|
i
~Kmax m
B e[2inK(r,,,~r,-)+ix|)dK (17)
or
+K ax
Igi-=1--2N, j‘ Z sin[27K(r,,,  r) tx]dK  (18)
Kmax ™M

which finally yields the bright field image intensity for a weak
phase object:

+Kmax
Igp=1 2N, J‘ Z cos 2nK{ry, - ri)siny(K)dK
~Kmax m 19)

Treatment in two dimensions leads to the same expression
(19) where K, ry, and r; are now vectors.

For the axial bright field image of a weak phase object,
effects of aberration and defocus appear simply as sin X,
the so-called microscope “transfer function® which modulates
the Fourier components contributing to the bright field
image. Image contrast in this case arises from the lincar
superposition of the modulated Fourier components.

Sin x is u sensitive function of the objective lens defocus
and will cause contrast reversal and alternatively highlight
or suppress particular object frequencies in the image (see
Figure 2). The above treatment has assumed coherent illu-
mination. The effect of beam divergence as well as voltage
and current fluctuations has been shown essentially to de-
crease the maxima of the transfer function, especially at
high resolution®. The transfer function has been shown to
account for the observed “salt and pepper’ structures of thin
amorphous carbon films?*?*. The scale of the phase contrast
structures observed and their contrast was shown to depend
on the defocus of the objective lens and the high frequency
cut oft of the objective aperture (K,,,). Calculated bright
field images of pure noise objects (e.g. objects with a con-
tinuous spatial frequency spectrum) are qualitatively indis-
tinguishable from experimental images obtained from eva-
porated carbon {ilms under the same transfer function con-
ditions®®. A number of published bright field micrographs of
amorphous polymer samples appear qualitatively similar to
these salt and pepper images. The origin of the observed con-
trast in the range 2 to 4 nm has been previously (erroneously)
suggested to be due to diffraction contrast from ordered
regions® or to the high frequency cut off of the objective
aperture'®!7 The objective aperture serves to limit the
range of the spatial frequencies present in the image but
does not influence their contrast. The contrast of a particular
object frequency depends only on the value of sin x for that
frequency.
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Rgure 2 Variation of the sin x and cos x functions with defocus (values indicated on the curves in nm); Cg = 6.5 mm. Arrows indicate the

smallest K values selected by the large (L) and small {S) apertures

Figure 3 shows a three step through-focus series of a thin
atactic polystyrene film. A close inspection of Figures 3a
and 3c shows that regions (indicated by arrows) which are
bright in the overfocused image have become dark in the
underfocused image and vice versa (this is because sin x is an
odd function of Az). The effect of the transfer function on
the image contrast is quite marked for Az = 0, since now
sin x is very small for the low frequencies and oscillates
strongly at high object frequencies so that the strong trans-
fer intervals become very narrow and the visible image struc-
ture is very fine scale. Light optical Fraunhofer diffraction
patterns of bright field electron micrographs show the power
spectrum of image intensity as affected by the microscope
transfer function as a function of the objective lens defocus.
The optical diffractogram intensity distribution /() is the
square of the Fourier transform of the electron micrograph
image intensity distribution,

I(h) = \fIpr(z)e2mitri dy; P (20)
For an object with a uniform spatial frequency spectrum any
anisotropy in /() is due to astigatism, drift, aperture mis-

Ipp(ry) = p?

U ey
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alignment, etc. and the zeros (spatial frequency gaps) of
I(h) are determined by the zeros of sin2y. The optical dif-
fractogram in Figure 4 indicates a high quality image and
shows the variation of sin2x with objective lens defocus

(Az = 680 nm here). Good correspondence is found bet-
ween the calculated and observed transfer function. Only
slight anisotropy is present and up to 5 maxima are observed
with decreasing intensity due to the effect of beam diver-
gence on the transfer function. The behaviour and appea-
rance of the axial bright field micrographs of thin atactic
polystyrene films are therefore entirely consistent with mic-
roscope transfer function modulated images of an amorphous
sample acting as a weak phase object.

Dark field image

For the tilted incident beam dark field image the situa-
tion is more complicated (see Figure 5). The incident beam
k now makes an angle § with the optic axis which is denoted
by the vector k. The difference scattering vector K is still
Ihc" — k, but now the microscope phase shift x depends no more
on K but on k' — k. The dark field image intensity is then
given by sy *:

S z Z e2mil K- (rj—rD—K " 1= Id ) e [Xx(K+Ko)—x(K'+ Ko)] dKd K’ (21)
x 71
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generated wurtzite structure polvervstalline aggreeates off
about 1120 Si atoms in 15 strain-free wurtzite crystals. The
crystals are wrranged at random. but tit together so that no
two atoms are closer than a nearest neighbour distance and
so that there are no vacant places large enough to accom-
modate an extra bonded atom. For the microcrystalline
model. one 1.4 nm diameter crystal in the center of the film
at the exact Bragg angle. The dark field images were then
calculated by computer using essentially equation®' with the
objective aperture centred on the first diffraction halo with
the integral over K now defined by the position of the aper-
ture in the diffraction pattern. The calculated images for
both models show qualitatively similar speckle patterns tor
films > 3 nm thick. The speckle size is in the order of 0.3-
b 0.5 nm which corresponds to the diameter of the Airy disc
(determined by the size ot the objective aperture employed).
At aspecimen thickness of about 3 nm both types of model
images are dominated by superpositions of atomic images
between atoms which are uncorrelated (e.g. {urther apart than
the domain size). Hence it seems unlikely that dark field
imaging will distinguish the two types of mode! when the
object thickness is large compared to the domain size. Thus.
only if the speckle size observed in the dark field image of a
suitably thin film is much larger than the Airy disc size, are
the bright spots indicative of significant focal ordering in the
specimen. [For example, 5 nm speckles observed in a 10 nm
thick tilm would inidcate that real coherent scattering domains
arc present.] This has not been appreciated in previous dark
tield studies of polymers.

Figure 3 Bright field through focus series images of a thin a-PS film.
Defocus is +t680 nm

where Ky = & - k. While the image transfer for axial bright
field imaging outlined above is linear because only the inter-
ferences of the relatively weak scattered beams with the
strong unscattered beam are taken into account, the dark
field image transfer is nonlinear since now just those contri-
butions from the mutual interferences of all the scattered
waves contribute to the image.

The dark field image intensity is therefore the superposi-
tion of the scattered components which fall into the objec-
tive aperture modulated by the microscope phase shift.
Intensity peaks occur due to in-phase combinations at par-
ticular r; in the image plane. These peaks can in general
result from:

(1) Ordered regions (domains or microcrystallites — ‘real
image’)

(2) Fortuitous superposition (statistical peaking — ‘statistical
image’)

Howie and Krivanek® have calculated dark field images
for the two types of models. An ‘ideal amorphous’ (statis-
tical) sample dark field image was calculated from a 519 Si ) o : .

2 . Figure 4 Optical diffractogram and corresponding micrograph
atom random network developed by Polk? and the micro- (AZ = —680 nm). The plot shows the variation of sin2x with scat-
crystallite sample images were calculated using computer tering angle

4

r (sinx)2
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Figure 5 Schematic of the tilted beam dark field imaging technique

Howie and Krivanek have also investigated defocus and
sample tilt as possible ways to distinguish the random net-
work from the microstallite model. From equation 21 the
effect of defocus is seen just to alter the phases of the scat-
tered components. If the image is due to statistical peaking,
a change in focus will just cause new fortuitous combinations
to give rise to intensity peaks and hence the bright spots will
decrease in intensity, disappear and new spots appear but
there will be no change in the average spot size and no single
best image focus setting. For images resulting from the
presence of real object order, defocusing will just cause the
spots to blur if the defocus is larger than the depth of field
(about 100 nm for an objective aperture of 103 radians)
but the spots will remain fixed and of constant intensity.
The suggestion'” that the dark field speckle arises from the
same mechanism as does the bright field ‘salt and pepper’
structure, with the implication that this speckle would dis-
appear at exact focus in dark field, is completely wrong.

Recent work by Gibson, Howie and Stobbs?” has shown
that if the dark field image is only partially coherent (cor-
responding to a range of incident k) the contributions from
larger rj; separations are suppressed and speckle from statis-
tical effects is reduced With partially coherent illumination,
the speckle also shows an optimal focus because of the depen-
dence of x on & as well as Az.

Since the incident and scattered wave vectors k and k' are
both very nearly parallel to the optic axis, K, = 0 so that the
image is rather insensitive to the z; coordinates of the atoms
in the specimen — that is, the image is essentially a reconstruc-
tion of a two dimensional projection of the object.

Tilting of the sample can help to sort out the image resui-
ting from overlap of atomic images from that of a diffracting
microcrystallite since a given tilt will effect the larger r; cor-
relations more strongly. Controlled tilting experiments are,
however, experimentally quite difficult at this resolution

*  The density of amorphous carbon is about 2, hence a 50 nm
evaporated carbon tilm corresponds to approximately a 100 nm
polystyrene film.
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and since Az unavoidably changes with tilt, a through focus
series would be needed at each tilt”.

In summary, dark field image interpretation from dis-
ordered samples is quite complicated but in principle with
careful control of beam coherence, aperture size, defocus of
objective lens and specimen tilt, distinction between real
and statistical images is possible for suitably thin specimens.

Previous results on glassy atactic polystyrene

Of the polymers thus far investigated, atactic polystyrene
is the most suitable material, because it is noncrystallizable
and rather radiation resistant. The original work on atactic
polystyrene employed 50 nm thick films cast from a 0.5%
benzene solution® The diffraction pattern consisted of 4
diffuse rings (11= 1.1, 2.1, 4.5 and 8.2 nm~!). The
2.1 nm~! ring was reported to broaden irreversibly and shift
to 1.6 nm ! at high electron dose. The 2.1 nm~! scattering
peak was used exclusively for the published dark field images
with a 50 pm aperture. The observed bright speckle varied
from 1.5-4.0 nm with an average speckle (domain) size of
2.7 nm. No variation of the size of the spots was observed
with increasing irradiation. The 1.1 nm~! peak is thought
to be intermolecular and the 2.1 nm~! peak approximately
half inter and half intra molecular in origin with the 4.5 and
8.2 nm~! peaks as intramolecular in origin®®. The recent
work!®17 on atactic polystyrene employed films about
60 nm thick cast from 3.5% methylethyl ketone solution.
The sample was also coated with a thin (unspecified thick-
ness) layer of carbon. Dark field images were obtained with
a 25 um aperture centered on the second diffuse halo (the
same as used by Yeh). The speckle size observed was about
0.5 nm.

Remarks on high resolution dark field microscopy of polymers

For ‘amorphous’ polymer specimens which contain mole-
cules randomly arranged in addition to possible (partially)
ordered domains, dark field image interpretation becomes an
even more intricate problem. That is, the image may contain
real features arising from several types of correlated atom
separations. Significant intramolecular corrections beyond
the first nearest neighbour generally occur in polymer samples
(e.g. r13 is a constant for carbon-carbon polymer backbone
and 713, r14 are constants for the phenyl rings, etc.) which
will tend to confound the investigation of intermolecular
ordering. Moreover, the unavoidable radiation damage due
to the large specimen dose necessary for high resolution dark
field observations may cause sample mass-loss, loss of order,
and general local atomic rearrangements. The total inelastic/
elastic scattering cross section ratio is about 2 for carbon?®3°,
so that inelastic contributions are much more important for
polymers than for higher atomic number materials where
elastic scattering dominates. The inelastic and elastic scatter-
ing distributions for amorphous carbon have been calculated by
Crick and Misell®. For a S nm thick* carbon film the inelastic
ratio varies from 5/1 to 2.5/1 in the range 1.1 nm~ ! < IKI<
2.1 nm~ !, These calculations for the elastic scattering distri-
bution do not however include correlations between nearest
neighbour atoms (intramolecular order) nor the presence of
small ordered regions (intermolecular order) both of which
will lead to peaks in the elastic scattering distribution. In
order to achieve as high as possible an elastic/inelastic signal
the objective aperture should be centred on an elastic scatter-
ing peak. Images formed from either intermolecular or intra-
molecular elastic scattering peaks will contain information
about the size and location of the region giving rise to the co-



Order in glassy amorphous polymers: E. L. Thomas and £. J. Roche

Intensity

(a)} Diffraction pattern showing location of the objective

Figure 6
aperture positions; {b) schematic showing range of K values selected
by the two aperturss

herent scattering. Dark field micrographs have been obtained
for various electron optical conditions in order to critically
address the cartier interpretations of local order in this parti-
cular polymer glass.

EXPERIMENTAL

The preparation of thin samples suitable for t.e.m. presents
problems. As Geil*® and Uhlmann'® have pointed out, ion
etching (non-uniformity of incident ion flux) of bulk samples
suffers from lack of reproducibility and uniformity of tilm
thickness. Ultramicrotomy has not yet been used but the
required (<10 nm) thickness for meaningful dark field studies
would be extremely difficult to obtain. Solvent casting can
produce quite thin films but the conformational restraint at
the surfaces (substrate- polymer and polymer—air) may in
fluence the molecular packing. Nevertheless, solvert cast
thin film has been used in the majority of the previous dark
field studies and presently seems to be the best approach.
Thin films of a Pressure Chemical fractionated atactic poly-
styrene of 670 000 molecular weight with M,,./M,, < 1.1 were
cast onto clean glass microscope slides from a 0.5 wt% solu-
tion of the polymer in toluene. After drying, the films were
diced into small picces and picked up on 300 mesh copper
grids for microscopy. The nominal film thickness is estimate-
to be 20 nm. Micrographs were obtained for regions adjacer:t
to small holes in the film which are extremely thin and pro-
vide as well a convenient means to estimate Az = 0 by the
Fresnel Fringe method.

A Jeol 100 CX transmission electron microscope operated
at 100 KeV was used in this investigation. Line resolution
was tested to be better than 0.34 nm (graphite lattice planes).
For the 28 um and 85 um diameter objective apertures em-
ployed, the Airy disc radius, defined as the distance from the
central maximum to the centre of the first zero (e.g. Ry =
0.61X//R) is about 0.9 nm and 0.3 nm respectively. Micro-
graphs were taken with the objective aperture centred on
the K= 1.1 and 2.1 nin" ! elastic peaks at 50000 x using
2- 4 sec. exposures. The beam divergence is less than 103
radians, so that the sample is essentially coherently imaged.

Figure 6a shows the relative position with respect to the
transmitled beam of the two apertures used for dark field
imaging, as viewed in the back focal plane of the objective
lens. For clarity they have been photographed on opposite

sides of the muin beam. Because of the triple exposure used
here the halos appear much more intense inside the apertures
than outside so that the 4.5 nm " halo is almost invisible. T
the apertures however, the ilumination is well representa-
tive of the experimental conditons. Figure 6b shows the
range of K selected by these apertures. Typically the 28 wn
aperture was approximately centred on the 1.1 nm - !halo
but always cxcluded the 2.1 nin I'halo: the 85 um aperture
selected essentially the 2.1 nm T halo. In euch case the
aperture was centred on the optic axis of the microscope by
the tilting of the incident beam. We denote these two ditfe-
rent aperture conditions as *S” for the small aperture and "L
for the large one.

For accurale comparison of successive pictures of the same
area under different conditions. a transparant sheet was used
where dots from one picture were marked. The transparent
sheet could then be superposed on the other pictures and in
that way correspondence or non-correspondence of about
one hundred dots per image was checked. Small holes in
the films were used to register correctly the transparent {ilm
and the micrographs.

RESULTS AND DISCUSSION

Provided electron beam radiation damage does not cause sig-
nificant changes in the atomic positions, a feature to be ex-
pected from both real and statistical images is reproducibility
under identical optical conditions. Dark field images of atactic
polystyrene films were found to be reproducible. Figures 7a,b
show micrographs of the same area recorded using 'S aper-
ture conditions with the focus setting corresponding to an
approximate in focus bright field image. Figures 7a and 7b
were taken under identical conditions with a one minute

time interval between exposures during which other images
were recorded at different defocus values. Figure 7b has
somewhat better contrast — this improvement of the dark
field image with exposure time was generally observed at

the very beginning of the irradiation of the film. 1t may be
related to initial sample mass loss and to the stabilization of
the sample mass and diffraction rattern already mentioned

Figure 7 Successive dark field images of atactic polystyrene film
recorded under identical conditons attesting good reproducibility.
Corresponding typical dot groups are circled
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Figure 8 Effect of defocus change on the dark field image of an
atactic polystyrene film. (a) AZ=0;(b) AZ=—-170 nm; (c)

AZ = —-340 nm; {d} AZ varied from —510 nm to +510 nm; ‘S’ aper-
ture conditions. The less exposed region is a very thin film area

in the literature®*"** +. Typical dot groups have been circled
to help visual comparison. Using the transparent technique,
80% of the dots in Figure 7b are also found in Figure 7a
with even a better correlation from 7a to 7b. This attests
to good reproducibility and permits one to study the effect
of the microscope parameters on a series of images of the
same area.

Another interesting feature of the dark field images of
atactic polystyrene films observable in Figure 7 is the distri-
bution of the number density of the dots as a function of
their intensity. In a given area, the number of dots of com-
parable intensity (visually estimated) increases sharply as
their intensity decreases. This agrees well with the theoreti-
cal predictions of Krivanek for statistical images®®. For
statistical images, the distribution follows that for a most
probable distribution:

N() = [1 eI/ (22)

where N(/) is the number density of dots of intensity / and
[ is the average dot intensity. A Gaussian distribution would
be expected for real ordered-domain images.

T It should be noted that the electron dose necessarily employed
for high resolution dark field imaging far exceeds the end point dose
for sample mass loss and scattering pattern changes.

1420 POLYMER, 1979, Vol 20, November

Figure 8 illustrates the effect of specimen thickness on
the dark field image. These images are from extremely thin
(circa 5 nm) regions and the micrograph prints have been
photographically dodged to show these regions clearly. As
film thickness increases away from these regions, the image
becomes progressively filled with dots whose apparent size
and brightness increase due to superposition effects. The
2.7 nm average domain size observed by Yeh with values up
to 4 nm is most probably due to the considerable image
superposition in his 50 nm thick films. Measurements in the
thinnest regions of our films indicate a dot size in the range
0.7 to 1 nm for ‘S™ aperture conditions.

Figure 8 also illustrates the effect of variations of the
objective lens defocus on the dark field image. The first
three micrographs of the series correspond to successive in-
creases of underfocussing by increments of 170 nm from the
initial optimal bright field setting. Figure 8d was recorded
with the focus varied during the exposure over a 1020 nm
range. As Figures 8a - 8d show, the size of the dots is not
affected by objective lens defocus — behaviour typical of
statistical images. The effect of defocus on the intensity
and location of the dots is as follows: at relatively small
defocus (typically 170 nm) a good correspondence between
successive images is found but the intensity of some of the
dots is modified. Comparing images with 340 nm change in
focus, the proportion of stable dots decreases to about 50%
with further changes of the intensity of these stable dots.

A few dots appear remarkably stable (circled). A large varia-
tion of defocus leads to an almost completely new image in
Figure 8d. The dots in Figure 8d are still sharp even though
the focus was varied over 1020 nm. Since the depth of field
for these conditions of illumination was only 100 nm, real
ordered domain images would have been blurred while the
sharpness of a statistical image would be expected to remain
unaffected.

Figure 9 shows the effect of aperture size and location on
the dark field image. Figures 9a—9c¢ are images employing 'L
aperture conditions while Figure 9d shows the same area
under ‘S’ aperture conditions. As can be seen in Figures 9a-
9¢, the dark field image is more sensitive to objective lens
defocus for a larger objective aperture. There is essentially no
correlation between successive 170 nm defocus micrographs
in this series. The speckle size is also on the average smaller,
slightly less than 0.5 nm and the number of dots per unit
area is strongly increased. This unfortunately makes compa-
rison of successive micrographs more difficult, but compari-
son can be made in the thinnest areas. Arrows point to seve-
ral farge real impurity crystallites which provide a convenient
orientation system for the transparency technique and also
illustrate perfectly the blurring effect of defocus on real
structures. Examination of the small dots indicates again
that there is no significant change of their size or sharpness
with defocusing.

The bright dot size has been thus found to vary with aper-
ture size (neglecting spurious superposition in thick films).
For the apertures employed, the Airy radii 0.3 to 0.9 nm cor-
respond well to the measured spot diameters. The change in
spot intensity and location in the image with defocus can be
explained from equation (21) by noting that both cosx and
sin x (included in the exponential form e’X) modulate the
scattered waves contributing to the image. The behaviour
of these functions with defocus has already been described
for the axial bright field image case (see Figure 2). For tilted
beam dark field conditions, the IK | values of equation (5)
must however be shifted by |Kol. When a new Az is used

£}
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Figure 9 Effect of defocus change on the dark field image with
‘L’ aperture conditions. {a} AZ=0;(b) AZ=—-170nm; (c) AZ =
—340 nm; (d)} same area under 'S’ aperture conditions, AZ = —340 nm

tor the dark field image the cos x and sin x functions modu-
late the terms in the integral of expression (21) resulting in
new in phase combinations feading to a different statistical
image. The striking difference between the image response
to a given defocus change for *S™ and "L apertures may also
be understood with reference to equation (21). With the
objective aperture centred on the optic axis, the variation of
cos x and sin x with defocus is very small for the range of
IKlselected by the small aperture, compared to the dramatic
variation of cox y and sin x at higher K| for the larger aper-
ture. Thus a smaller defocus value is needed to affect a
given change of the image statistics.

The effect of inclastic scattering on dark field image for-
mation is not well understood at present. Most of the inelas-
tic scattering in amorphous carbon is from surface and bulk
plasmon losses and therefore this delocalized, incoherent in-
clastic scattering has becn suggested to give rise to a uniform
diffuse background intensity which simply superposes with
the elastic intensity®. Misell and coworkers®>3® however
suggest that for amorphous carbon, and even more so for
amorphous insulator polymers like polystyrene, the plasmon
losses may be quite localized so that the inelastic component
wonld be imaged at high resolution in a plane scparated from
the elelastic component by a distance z(y = C.(£y/L)) where
Iy is the mean energy loss in the material, £ is the incident
beam cnergy and C. is the chromatic aberration coefficient

of the objective lens. Our results for *S™ aperture conditions
for which there is a dominant contribution of inelastic
scattering to the image tend to support Misell's suggestion
since there is no significant increase of the background com-
pared to L. aperture conditions.

CONCLUSIONS

We have endeavoured to clarify several misconceptions of
both bright field and dark field image interpretation of
amorphous polymers. The original basis for the suggestion
of ordered domains in glassy amorphous polymers was the
observation of small bright dots in the dark field image. We
have undertaken several systematic dark field electron optical
experiments in order to understand the nature of this speckle.
The behaviour of the vast majority ot the dots with respect
to changes of objective lens defocus and objective aperture
size and location in the scattering pattern are entirely consis-
tent with a statistical image rather than a real ordered do-
main image interpretation. The main result of this investi-
gation is to identify clearly the dark field images as essen-
tially statistical images which may be well understood in
terms of the transfer theory of image formation. Visualiza-
tion of the short range, largely intramolecular order that is
present in this system was not possible with the resolution
presently obtained. Our results tor this particular polymer
glass strongly indicate that ordered structures on the scale of
110 nm or more do not exist in thin atactic polystyrene
filins, thus reconciling the electron microscopy studies with
the many scattering studies which failed to find evidence for
such structures (see for example refs 37 -39).

ACKNOWLEDGEMENTS

Acknowledgement is made to the donors of the Petroleum
Research Fund. administered by the American Chemical
Society and to the Materials Research Laboratory of the
University of Massachusetts for partial support of this work.
One of us (E.J.R.) thanks the CNRS for the opportunity to
work in Amherst.

REFERENCES

1 Yeh, GSU Y. and Geil, P.H. S Macro. Sci. (B) 1967, 1, 235

2 Klement, J. ). and Geil, P. H. J. Macro. Sci. (Phys.) (B) 1972,
6.31

3 Carr, S, H., Geil, P. H. and Baer., E. J. Macro. Sci. (B) 1968,
2,13

4 Frank, W.. Goddar. 1L and Stuart. H. AT Polym. Sci. (C)
1967.5, 711

5 Sicgmann, A. and Geil, P. H. J. Macro. Sci. (B) 1970, 4, 239

6 Luch, D.and Yeh  G. S, Y. J Appl. Phvs. 1972, 43, 4326

7 Rudee. M. L. Phys. Stat. Solidi (B) 1971, 46, 1

8 Chaudhari, P, Graczyk. J. I'. and Charbnau, H. P. Phys. Rev.

(Lett.) 1972, 29.425

9 Krivanek. O. L. and Howie, A. Acta. Cryst. 1975, 8. 213

10 Krivanek, O. L., Gaskell, P. It and Howie, A. Nature 1976.
262. 454

11 Yeh, GUSU Y. J Macro. Sci. (B) 1972, 6,451

12 Ovchinnikov. Yu, K. and Markova, G. Polvm. Sci. USSR 1967,
9. 505

13 Howie. A., Krivanek, O. L. and Rudec. M. L. Phil. Mag. 1973,
27,235

14 Rudee, M. L. and Howie. A. Phil. Mag. 1972, 25. 1001

15 Kralow, W., Ast, D. G., Goldfarb, W. and Siegel, B. M. Phil. Mag.
1976. 33, 985

16 Uhlmann. D. R., Renninger. A. L., Kritchevsky, G. and

POLYMER, 1979, Vo! 20, November 1421



Order in glassy amorphous polymers: E. L. Thomas and E. J. Roche

20

21

22

23
24
25
26

Vander Sande, 1. J. Macro. Sci. (B) 1976, 12, 153

Meyer, M., Vander Sande, J. and Ulhmann, D. R. J. Polym. Sci.
1978, 16, 2005

Born, M. and Wolf, L. Principles of Optics, Pergamon, New
York (1959)

Lenz, F.o AL Llectron Microscopy in Materials Science (Ed.

U. Valdre), Academic Press, New York (1971)

Hanszen, K. Advances in Optical and Electron Microscopy, 4,
(Ed. R. Barer and V. E. Cosslett), Academic Press, London
(1971)

Erickson, H. P. Advances in Optical and Electron Microscopy,
5, (Ed. R. Barer and V. E. Cosslett), Academic Press, London
(1973)

Cowley, J. M. Diffraction Physics, North-Holland, Amsterdam
(1975)

Thon, . Phys. Bldtter, Mosbach, 1967, 23, 450

Thon, F. and Siegel, B. M. Ber, Bunsen, Ges. 1970, 74, 1116
Geil, P. H. J. Macro. Sci. (B)1976, 12, 173

Polk, D. E. J. Non-Cryst. Solids 1971, 5, 36§

1422 POLYMER, 1979, Vol 20, November

27

28
29
30
31

32

33

34
35
36
317
38

39

Gibson, J. M., Howie, A. and Stobbs, W. M. Inst. Phys. Conf.
1977, 36, 275

Krimm, S. J. Phys. Chem. 1953, 57, 22

Parsons, D. F. J. Appl. Phys. 1972, 43, 2885

Crick, R. A. and Misell, D. L. J. Phys. (D) 1971, 4,1

Bahr, G. F., Johnson, F. B. and Zeitler, E. Lab. Invest. 1965,
14, 377

Veseley, D, Low, A. and Bevis, M. Developments in Electron
Microscopy and Analysis (Ed. J. A. Venables), Academic Press,
N. Y, 1975, 333

Krivanek, D. L. 6th European Congress on Electron Micro-
scopy, Jerusalem, 275 (1976)

Cowley, J. M. Acta Cryst. (A) 1973, 29, 529

Misell, D. L. J. Phys. (4) 1971, 4, 798

Misell, D. L. and Atkins, A. J. J. Phys. (A) 1973, 6, 218
Patterson, G. J. Macromol. Sci. (B) 1976, 12, 61

Renninger, A. L., Wicks, G. G. and Uhlmann, D. R. J. Polym.
Sci. 1975, 13, 1247

Benoit, H. J. Macromol. Sci. (B) 1976, 12, 27



