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Application of defocus microscopy to the imaging of multiphase polymers is investigated. Theoretical 

image contrast of ideally phase separated, model objects is predicted by application of the transfer theory 

of imaging. The calculations are in good agreement with observed images of a polypropylene film. Easy 

recognition of the cross-hatched structure of polypropylene, however, necessitates the use of very high 

defocus values. Application of this defocus technique to more complex systems causes problems. 

Defocused images of a polyurethane film are found to be indistinguishable from those of a carbon film or 

an amorphous polystyrene film, i.e. the image is dominated by the spatially filtered noise structure. It is 

suggested that previous electron-micrographs of domain structures of polyurethanes have been 
misinterpreted. 

INTRODUCTION 

A significant problem in studies of polymer morphology 
by electron microscopy is obtaining sufficient contrast in 
electron micrographs to visualize the structures. Since 
even in well phase separated systems (i.e., pure component 
phases with sharp phase boundaries) the regions are of 
similar electron density, mass thickness contrast is intrin- 
sically low. When diffraction contrast can be used, or if a 
specific heavy atom stain is available, unambiguous 
interpretation is generally possible. If these techniques 
cannot be employed, phase contrast is the only source of 
contrast available. 

Phase contrast is intrinsic to the electron microscope 
due to the high coherence of the electron beam and has 
long been known as a way of enhancing image contrast’. 
Its application to biological specimens has been in- 
vestigated in detai12. In the polymer field, images from a 
variety of homopolymer amorphous films initially in- 
terpreted as indicating an ordered nodular structure3 -9, 
as opposed to the random coil model”, are in fact 
explained by phase contrast effects”. Another con- 
troversial case is that of segmented copolymers. For 
example, some authors have interpreted the small scale 
structure observed in electron micrographs of poly- 
urethanes as corresponding to segmented hard and soft 
domains I2 14. More recently, Peterman and Miles have 
proposed phase (defocus) contrast as a routine technique 
to study polymer microstructure’ 5. 

At the same time, however, a number of papers have 
warned about the dangers of any naive interpretation of 
phase contrast structures. Some typical cases of mis- 
interpretation of the fine structure of cellulose and keratin 
fibres were reviewed by Johnson and Crawford in 197316. 
Other examples are cited in reference 17. Unfortunately, it 
seems that polymer morphologists have not benefitted 
from these works as many of the subsequently published 
electron micrographs of polymer ‘microdomains’ have 
been interpreted without consideration of the transfer 
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properties ofthe electron microscope. In this paper the use 
of defocus contrast to study multiphase polymer micro- 
structure is investigated. Theoretically predicted images of 
model structures are compared with experimental images 
of several different polymer films. 

THEORETICAL BACKGROUND 

The effect of microscope defocus on the images of thin 
films is best understood in terms of the transfer theory of 
imaging. Detailed explanations of this theory have been 
given in many articles’ 8 _ 20. A simplified presentation for 
its application to polymers has been presented in a 
previous paper’ ‘, where the emphasis was on dark field 
imaging. This theory is applicable to the case of pure 
polymer specimens. Built of light atoms, these specimens 
do not significantly alter the amplitude of the electron 
waves so that the object function consists only of a phase 
term, exp[i$(r)]. Further, this modulation is small com- 
pared to unity (the so-called weak phase object), which 
allows the approximation 

exp it&)= 1 + i$(r) (1) 

Under these conditions, the electron microscope works as 
a linear imaging system so that a simple linear relation 
exists (for axial bright field) between the Fourier trans- 
form of the image intensity I(r) and the Fourier transform 
(F) of the object function ($(r)): 

y(I(r)) =cS(K)-ZT(K).F($(r)) (3) 

The electron microscope transfer function T(K) has the 
form: 

T(K)=A(K) sin z(K) (3) 

POLYMER, 1981, Vol 22, March 333 



Defocus electron microscopy of multiphase polymers. E. J. Roche and E. L. Thomas 

-1 

1 

-1 

1 

-1  

1 

o 

Figure  1 

Defocus (~,) 

0 

- 2 0 0 0  

- 6 0 0 0  

/nlllllllnnnnln/ 
ui vvvuuuuuuuiIu 

d '1 0[2 
K(~ -j) 

Variat ion of the transfer funct ion, sin X, wi th defocus; 
C s = 6.7 mm 

- 2 4 0 0 0  

with imaging system phase shift z(K) given by: 

z(K) =/z2(Az)K 2 rc - 3 ,* +~C/~ K (4) 

and A(K)= 1/0 inside/outside the objective aperture. Az 
and C~ are the defocus and spherical aberration of the 
objective lens and K is the modulus of the reciprocal space 
difference scattering vector between the incident wave 
vector k and scattered wave vector k'. This formulation 
neglects higher order terms due to chromatic aberration 
and beam divergence effects approximations 
justified by the medium resolution conditions generally 
selected for polymer specimens. 

In certain cases (thicker and/or higher atomic number 
specimens) amplitude contrast must be taken into account. 
A simple way to account for a small amplitude contri- 
bution is to add a constant term K 0 to the reciprocal space 
variable K in equation (2) 19. If, instead the image 

/ - / , , ,  
intensity, i(r) is defined as the image contrast - -  

/av ' 
equation (2) becomes: 

~-{l(r)} = -2A(K) sin z(K) jq'-{O(r)} (5) 

It must be noted that r and K are two dimensional vectors. 
To avoid lengthy calculations, the one dimensional 
version of equation (5) is effectively taken as an approxi- 
mation. The one dimensional treatment is, however, 
rigorous only for objects consisting of elongated parallel 
domains (Figure 2a) as will be considered below. 

Application of a reciprocal Fourier transfrom to equation 
(5) gives: 

l(r)= ~ ' -  l{-2A(K)sin z(K)~'[~h(r)]} (6) 

This equation is the basis for model calculations. The 
effect of the transfer function is to modulate particular object 
frequencies in the image. Sin Z can be adjusted by means of 
objective lens defocus (sin Z is a sensitive function of 
defocus, see Figure 1) in order to highlight selected 
frequencies corresponding to object details of interest. 
This is the fundamental principle of phase (defocus) 
contrast microscopy. 

The object Junction 
The object function ¢(r) is the phase shift of the incident 

electron wave passing through the object and is directly 
proportional to the mean inner potential [~(r)] of the 
specimen: 

O(r) = ).VotgO(r) (7) 

where 2 is the wavelength of the electron, V 0 the accelerat- 
ing voltage and t the specimen thickness. 

In the case of crystalline solids, the mean inner potential 
(in volts) may be approximated bye1: 

0=114.5 i 
f2 

(8) 

where Jl is the electron scattering factor (in dimension- 
less p-units) at zero angle of the ith atom in the unit cell of 
volume fl (in A3). Equation (8) can be extended to 
noncrystalline solids by selecting g2 as the elementary 
volume occupied by the structural molecular unit. 
Introducing the density p(g cm- 3) of the material and the 
molecular weight, M (g), of the structural unit, we have: 

which, with the aid of equation (7), allows calculation of 
the projected phase shift at any point of the exit face of the 
object. We must note, however, that the value of practical 
interest is not ¢(r) but A¢(r), the relative projected phase 
change, obtained after subtraction of the average 
background phase change. 

PRACTICAL CONSIDERATIONS: APPLICATION 
TO TYPICAL POLYMER FILMS 

Geometrical factors 
Before making any calculations, possible film geomet- 

ries must be considered. The variation of the projected 
phase change is due to the difference in mean inner 
potential between phases and, moreover, the shape and 
distribution of the polymer phases throughout the speci- 
men thickness. Figure 2 illustrates two possible geomet- 
ries, in the case where two phases are present. In Figure 2b 
the domains are small compared to the film thickness and 
packed at random. Whatever the intrinsic relative phase 
change between the two polymer phases, the resulting 
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Figure2 Cross section of two possible domain geometries for a 
two phase polymer fi lm, and their resultant projected phase 
variations 

projected potential will exhibit only random fluctuations 
very similar to what is expected from a pure noise object. 
Figure 2a, on the contrary, shows a geometry which yields 
a maximum projected phase variation. It is clear that only 
geometries approaching the latter type can be unam- 
biguously analyzed, a situation more likely to occur if very 
thin specimen films can be prepared. The following 
considerations assume such an ideal model. Deviations 
from the model will be discussed for practical examples. 

Homopolymers 
The two phases are the amorphous and crystalline 

phases. A typical case, already well documented in the 
recent literature 22, is that of a polyethylene film consisting 
of stacks of crystalline lamellae viewed edge-on. The 
geometry of such a film resembles that in Figure 2a where 
the smaller domains correspond to the amorphous inter- 
lamellar zones. For this case, the relative phase change 
between domains is simply: 

69 
A~,I,'I = ;. v,;M ~./; Apt (10) 

The value of Aq4r) may be changed by varying ).V 0 (an 
increase of 50% from 40 kV over 100 kV) and in 
maximizing the film thickness, provided the same simple 
projected geometry is preserved. The value of Aft(r) must 
however, remain small compared to unity (weak phase 
object approximation). Depending on the specific value of 
Ap, the difference in density between amorphous and 
crystalline phases, different optimal thickness will be 
obtained for each homopolymer. Density data of poly- 
mers are available from reference 23, atomic scattering 
factors from reference 21 or 24. If we limit A¢(r) to 0.5 
radians, it can for example, be calculated, that a maximum 
thickness of about 700 A is possible for polyethylene and 
of about 1000 ~, for isotactic polypropylene (100 kV). 
Such values are in the range of what is generally obtained 
experimentally, though no very precise data exists in the 
literature. A significantly higher nominal film thickness 
will result in adding an undesirable strong background 
from inelastic scattering and amplitude effects to the pure 
phase structure. 

ence between the corresponding domains is, according to 
equation (9): 

ACp:69{ ,~1!, ~'[i(l'--i ' ,~'[)22 ~j '1)(2) / (11) 

As an illustration, consider a typical segmented poly- 
urethane system consisting of hard segment (HS) of 4,4'- 
diphenylmethane diisocyanate (M D l) and 1,4 butene diol 
(BEDO) with soft segment [SS) of MDI and polypro- 
pylene oxide diol (PPO). From equation (11) we obtain 
~p,,~ = 8.95 V and (p,,,~ = 7.30 V. If we assume the same ideal 
geometry as before, the phase difference of 0.5 radians 
between adjacent domains is obtained for a film thickness 
of about only 400 A (at 100 kV). As a counter example, 
consider the much studied polystyrene-polybutadiene 
system. The calculated mean inner potentials here are 7.90 
and 7.82 V, respectively, leading to a completely 
negligible projected potential difference for usual film 
thickness. The possibility of phase contrast imaging of any 
size domains is completely ruled out in this case 2s. 

Other considerations 
It should be mentioned that in electron microscope 

studies of polymers, one is always concerned with the 
effect of radiation damage on the observed morphology. 
For phase contrast imaging, possible radiation induced 
changes in the mean inner potential of the specimen and 
specimen thickness must be taken into account. If the 
sample consists of domains of two components and one 
component undergoes greater mass loss than the other, 
mass thickness (scattering) contrast as well as phase 
contrast effects may be induced by preferential electron 
beam etching. Changes in the mean inner potential of each 
type of domain may also occur due to sample mass loss 
and density changes. Such electron beam induced effects 
will lead to changes in the actual values of the inner 
potential and specimen thickness for each type of domain. 

Also, because phase contrast is a consequence of the 
high coherence of the electron beam, the best contrast will 
be observed for the smallest beam divergence compatible 
with working conditions. 

EXPERIMENTAL 

Instrumentation 
A JEOL CX 100 electron microscope was used through- 

out this work, at the operating voltage of 100 kV. The 
spherical aberration coefficient of the objective lens is 6.7 
mm. An 85 #m diameter objective aperture was employed 
which corresponds to a 0.22 A-1 cut off in reciprocal 
space. All micrographs were recorded on Kodak SO163 
film at exposure times of 2 to 4 seconds. Optical diffracto- 
grams were obtained with a Polaron instrument. 

Calibration of the microscope objective lens focus 
increments was assumed correct. The approximate ab- 
solute value of defocus was also checked by comparison of 
systematically over and under focused images, with the 
aid of optical diffractograms. 

Block copolymers 
Assuming two polymer sequences, (1) and (2), com- 

pletely phase separated, the mean inner potential differ- 

Specimen preparation 
Polymer specimens were prepared from poly- 

propylene (Hercules Profax 6523), polyurethane 
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Figure 3 Effect of interface profi le (A) on the image contrast of  a 
pure phase object at small values of defocus (B--D) 

PPO/MDI/BEDO*, and atactic polystyrene (Pressure 
Chemical Co, M,.~600000 and M,,/M, ~ 1.1). All films 
were prepared from solution casting (1% concentration). 
The aPS and iPP were dissolved in toluene and xylene, 
respectively, then cast on glycerol at 130°C. The films were 
picked up after a few minutes at that temperature and 
transferred to cool distilled water from which they were 
directly mounted on electron microscope grids. The 
urethane specimen was dissolved in DMF and cast on 
glycerol at room temperature, then similarly transferred 
to distilled water for washing. Film thicknesses were 
determined using the contamination spot method. By 
focusing a fine electron probe onto the sample (utilizing 
the JEOL 100 CX STEM optics) a contamination spot is 
produced on the entrance and exit surfaces of the polymer 
sample. The specimen is then tilted by 30" with respect to 
the incident beam direction and a micrograph of the two 
contamination spots recorded. Film thickness can be 
calculated (to _+ 100 )~) from the spot separation and tilt 
angle. 

Computing 
Basically, all calculations involve the use of the fast 

Fourier transform (FFT) algorithm, generally accessible 
from computer libraries. The data input corresponds to a 
series of values defining the phase profile of the object. A 
first application of the FFT operation gives a series of 
numbers, generally complex, which defines the Fourier 
spectrum of the phase function for predetermined values 
of the reciprocal space coordinate K. Each term of the 
series is then multiplied by the value of the transfer 
function for the same K value, and the inverse FFT 
applied to give the final contrast profile of the image. 

* PPO is an ethylene oxide end capped polypropylene oxide macro- 
glycol with # / ,=200 .  MDI is 4,4'-diphenyl methane diisocyanate and 
BEDO is butenediol. The molar ratio was 1/6/5 PPO/MDI /BEDO.  

Selection of a symmetrical phase profile makes cal- 
culation easier. The Fourier transforms are then defined by 
a series of real numbers and there is no need to define an 
inverse Fourier transform operation. Although such 
programming is very simple in principle, great care must 
be taken in the choice of the initial sampling period of the 
phase profile. Typically, the phase profile was sampled at 
intervals of 2 A in the present calculations. This in turn 
gives a Fourier spectrum calculated by steps of 0.001 A- 1 
which allows a proper sampling of the sin Z function even 
at very high defocus. Although not presented here, two 
dimensional calculations following the same scheme are 
perfectly feasible. 

Model calculations 
The model object selected corresponds to an approxi- 

mately periodic arrangement of two phases in a film 
similar to the one represented in Figure 2a. The domains 
are of 25 and 100 A width respectively, so that the model 
may represent the typical succession of amorphous and 
crystalline zones in semicrystalline homopolymer thin 
films. The maximum phase change is taken to be 0.3 
radians. This model gives the phase profile of Fiyure 3A. 
Two types of interface are represented. The first one 
(Fiqure 3A, left) defines a sharp boundary of only 2 A 
thickness. Fiqures 3B, 3C and 3D show the corresponding 
image contrast for 0 A, -2000 A., and -6000 A defocus 
(underfocus). With the sign conventions used here, posi- 
tive contrast in Figures 3 and 4 corresponds to bright or 
dark contrast in the micrographs (positives) depending on 
whether the small domains represent respectively crystal- 
line or amorphous domains. In the following the smaller 
domains represent amorphous domains, i.e., domains of 
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Figure 4 Variation of image contrast of a periodic model object 
(A) at medium and large values of defocus (B--E) 
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lower mean inner potential. The best values of defocus, in 
terms of faithful representation of the object function by 
the phase contrast, is that for which the sin Z curve 
approaches unity over the largest interval in the recipro- 
cal space coordinate system. This optimum defocus value 
is specific to the C~ value of the microscope [see equation 
(4)], and was determined here to be close to - 2 0 0 0  A (see 
Figure 1). Fi~lure 3C (left) illustrates how the choice of this 
value of defocus theoretically allows a very precise 
imaging of the sharp interface which is marked by a pair of 
narrow bright and dark fringes. The width of the fringes is, 
however, totally unresolvable in practical operation. At 
optimum focus, therefore, the domain structure is not 
imaged. 

The nominal zero value of defocus gives some contrast 
because of the residual phase shift due to the nonvanish- 
ing spherical aberration term in equation (4). It consists of 
a packet of fringes (Fi~lm'e 3B, left) also impossible to 
resolve practically. Going to higher underfocus (Fiqure 
3D, left) creates a pair of larger and stronger fringes still 
centred about the boundary and with noticeable second- 
ary fringes. Increasing the microscope defocus thus 
results in an increase of image contrast at the expense of 
resolution (fringe width). 

Many studies, particularly small angle x-ray scattering 
studies, have been devoted to the determination of the 
interface profile in phase separated polymeric systems. 
However, due to the complexity of the problem, various 
models exist 2~'- 29. We consider here a model of 'linear' 
interface of 12 A thickness (Fiqure 3A, right) correspond- 
ing to data in reference 27. Other profile shapes have been 
considered in a previous publication 3°. Smoothing the 
interface profile results, essentially, in a reduction of the 
intensity aqd number of the fringes, as shown in Fi.qures 
3B, C and D (right). Again, optimum defocus gives the best 
definition of the interface, but at a very low contrast. For 
- 6 0 0 0  A defocus, the contrast improves but is more 
difficult to detect than for the step interface model. 

Fi.qure 4 presents a series of contrast profiles of the same 
object (ramp interface) obtained at increasing values of 
underfocus. A dramatic increase in contrast is observed at 
values of defocus between 12 000 and - 24 000 A when 
fringes marking the opposite boundaries of the small 
domain begin to overlap. The maximum contrast reaches 
35% in Fiqm'e 4C. The contrast between the larger fringes 
outside the domain and the background is, however, only 
about 10% so that these fringes will not appear in the 
image. The image will most likely consist of rows of 
domains of about 20 A width, within a background which 
will represent the larger domains. The defocused image is 
then a fairly good representation of the actual structure. 
The sin 7~ function is antisymmetrical with respect to AZ 
(defocus) for high values of AZ, so that the image would 
approximately reverse contrast when changing the sign of 
defocus. The contrast can be enhanced further at even 
higher defocus values. This is shown in Fi.qures 4D and 4E 
which correspond to - 70000 A and - 170000 A defocus, 
respectively. Contrast goes up to 50!'{; with simultaneous 
increase in the fringe width. The correspondence between 
the actual structure :and the resulting image is, however, 
lost. In Fi.qure 4D, a dark fringe appears in the middle of 
the large domain and contrast reverses between Fiqure 4D 
and 4E. This makes interpretation of the profiles unreli- 
able. Although the higher amounts of defocus lead to 
more contrasted calculated profiles, there appears to be 
an optimum defocus for phase contrast imaging of about 

_+ 20 000 A for the present model. This wdue of objective 
lens defocus is of course dependent on the size of the 
domains taken in the model. A model composed or larger 
(smaller) domains, i.e. corresponding to lower (higher) 
spatial frequencies, would give the types of contrast 
profiles as shown in Fiqures 4B to 4E for higher (lower) 
values of defocus. 

To make interpretation of the calculated profiles easier, 
the noise background, although it may play a decisive 
role, has not been considered in the selected phase profiles. 
This important point will be discussed when considering 
experimental images. 

DISCUSSION OF EXPERIMENTAL IMAGES 

Amorphous aml crystalline comrast in homol~olymer lilms 
As discussed above, a high phase contrast image is 

expected from polyethylene films with proper domain 
orientations. Such a case has been described initially by 
Peterman and Gleiter 22. Precise comparison with the 
present calculation is difficult as some of their parameters 
are not clearly defined. The average size of the crystalline 
domains (250 A) is also larger than that selected here. 
Nevertheless, the width of the amorphous domains, as 
measured from the in-focus image in their paper, is only 
slightly higher than that in our model. A qualitative 
comparison is thus possible if we limit it to defocus values 
not greater than about 30 000 A where fringes within the 
large domains in Fi~lure 4 begin to overlap (the fringes 
would not yet overlap for 250 A crystalline domains), 
Peterman and Gleiter report defocus values of the order of 
10000 A or more (imprecise) in order Io obtain good 
contrast. These values are m reasonable agreement with 
those determined above (see Fi.qurc 4B and 4C). It must 
also be noted that the in-focus image as shown in their 
paper does exhibit enough contrast (mass-thickness con- 
trast) to sufficiently characterize the structure. 

In order to evaluate the capabilities of the phase 
contrast technique on a less favourable case, we have 
studied the structure of isotactic polypropylene films. This 
polymer, all other conditions being equal, gives 30",, less 
phase difference between amorphous and crystalline dom- 
ains, as calculated above. The films were prepared by 
solution casting at high temperature at conditions ecpecl- 
ed to give a suitable film geometry 3~. No further 
annealing treatment to enhance the crystallinity and 
phase separation was performed. The films were rather 
unstable under the electron beam and crystallinity was 
readily destroyed during image recording. As a con- 
sequence, the actual density difference between the pre- 
viously crystalline domain and the amorphous ones was 
certainly lowered. Less phase contrast than theoretically 
possible is then to be expected. 

Fi.qures 5a to 5d are an under-focus series, taken in the 
order shown, of an area of such a fihn. The electron 
micrograph shown in Fiqure 5a is close to focus no 
contrast other than that arising from large scale mass- 
thickness fluctuations is apparent. For medium values of 
underfocus, i.e., 20000 A and - 3 7 0 0 0  A (Fioures 5h) 
and 5c) careful examination of the images reveals narrow 
( - 8 0  A) elongated dark lines grouped in parallel, more 
visible in Fixture 5c. At higher defocus, i.e., - 7 1  000 A 
(Fi.qure 5d), the contrast is further enhanced. The dark 
lamellar domains are 150 to 300 A apart. Such features 
indicate the presence of crystalline domains approxi- 

POLYMER, 1981, Vol 22, March 337 



Defocus electron microscopy of multiphase polymers. E. J. Roche and E. L. Thomas 

Figure 5 Underfocus series (in steps of 17 000 A) of part of a polypropylene film showing the progressive appearance of the 
lamellar structure. Defocus in (a) is 4--3000 A 
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Figure 6 Variation of image contrast with defocus for a model 
object corresponding to the polypropylene film. Positive contrast 
corresponds to dark regions in micrograph print 

mately 80 A thick separated by wider less dense 
domains. 

Understanding of the contrast enhancement mechan- 
ism cannot be derived from the model presented in Figure 
4. A model characterized by amorphous domains larger 
than the crystalline ones is needed. Such a model is 
presented in Figure 6A where the amorphous  and crystal- 
line domains are respectively 300 and 80 ,~ thick with the 
same interface profile as in Figure 4A. The calculated 
contrast profiles in Figures 6B and 6C account well for the 
variation of contrast observed in Figure 5. Because of the 
larger domain sizes the opt imum value of defocus for 
phase contrast enhancement is now close to - 7 0  000 )~ 
instead of about - 2 0 0 0 0  ,~ for the model selected in 
Figure 4. Validity of the assumed specimen geometry is 

Figure 7 Cross-hatched structure of the polypropylene film as 
revealed by metal decoration (Au/Pd) 

ascertained by Figure 7 which shows a gold/palladium 
decorated area of the same film, where the dark regions 
are now amorphous zones because of mass thickness 
contrast due to their selective metal decoration. The 
characteristic cross-hatched structure of polypropylene 32 
is revealed. The crystalline lamellae are 80 to 100 A thick 
and 200 )k or more apart. A low contrast structure is also 
noticeable. It consists of closely packed lamellae with 
interlamellar amorphous zones only 20 to 40 ~ thick. 
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Figure 8 Thrqugh focus series of a polypropylene film. Respec- 
tive values of defocus are a, --170 000 A; b, ~ -3000  A; and 
c, +170 000 A; note the reversal of contrast between (a) and (c) 

This substructure was not revealed by the defocus tech- 
nique because the contrast enhancement is too weak. 

There are several reasons for the faintness of the defocus 
contrast here. First there is the 30% difference in expected 
contrast as compared to PE and loss of crystallinity from 
beam damage*. A second reason may be the result of too 
large a film thickness (estimated to be about 1000 A). 
Second order effects will then not be negligible and a 
higher background level would be obtained. Finally, 
geometrical factors may well be the most important ones. 
Poor orientation of the lamellae with respect to the 
electron beam (the films have not been submitted to an 
orientation treatment) would make the interface phase 
profile much smoother than represented in Fi.qure 4A, but 
the amorphous  zones would still be accessible to the 
evaporated metal atoms. 

Fiyures 8a, 8b and 8c present images from the same PP 
film at - 1 7 0 0 0 0  ,g, defocus, at about focus and at 
+ 170 000 A defocus respectively. Near focus, the phase 
contrast is absent. At low to medium defocus, images (not 
shown here) show the same limited contrast as illustrated 
in Figures 5c and 5d. In Figures 8a and 8c, on the contrary, 
the cross-hatched structure is very well suggested by series 
of parallel dark and bright bands of about 100 to 150 A 
width and elongated over 1 /~m in some cases. This 

* After the initial [oss of crystallinity, further possible beam damaging 
effects appear to interfere only very slightly with phase contrast effects. 
This was verified by changing the recording order of the defocus series. 

dramatic increase in contrast was predicted by the 
calculations (Figure 6D). The change in the apparent size 
of the bands may also be an important factor in the 
subjective perception of contrast as the human eye is 
sensitive to certain particular frequencies 33 precisely in 
the range of these here present. A nearly perfect reversal of 
contrast between the two figures is noticed, indicating that 
this area of the film is a good approximation of a weak 
phase object, although mass thickness contrast is indeed 
present as a background fluctuation. The width of each 
type of domain is now comparable, about 100 and 150 A. 
so that distinction between the overfocused and under- 
focused image would be very difficult without the help of 
the holes. According to Fi~lure 6D the dark bands in the 
underfocused image should remain centred on a crystal- 
line zone, but identification of a particular domain from it 
single image may be hazardous without the help of a 
complete through focus series. 

The optical diffractogram corresponding to these de- 
focused images is shown in Figure 9. It appears composed 
of two different contributions. The circular pattern arises 
from the modulation of the noise structure by the transfer 
function of the electron microscope. Four spots can also 
be distinguished superposed onto the inner ring of this 
diagram (the schematic helps recognition). They define the 
diffraction pattern of the cross-hatched structure. 

Present observations indicate that the theoretical pre- 
dictions of contrast from simple film geometries arc well 
verifed. By using very large defocus values, weak phase 
structures in the size range usually encountered in semi- 
crystalline polymer films can be enhanced enough to 
allow a rough characterization of the morphology. The 
resolution of the images, however, does not compare with 
that obtained from more usual techniques like heavy 
atom decoration. 

Complex structures 
The question now under consideration is whether it is 

safe to extend the results obtained on simple structures to 
more complex systems, as recently stated 15. To clarify this 
point, we have studied the defocus imaging of films of a 
segmented polyurethane based on the P P O / M D I / B E D O  
system, which has been shown in the calculations above to 
give sufficient phase contrast for model structures. Direct 
electron microscope observations in similar systems of a 
domain structure associated with the segregation of the 
hard and soft segments have repeatedly been published in 

Figure 9 Optical diffractogram corresponding to Figure 8c. The 
schematic indicates the position of the spot pattern corresponding 
to the cross-hatched structure 
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Figure 10 Through-focus series and corresponding optical di f f rac- 
t o g r a m o f  part of a polyurethane f i lm (MDI /PPO/BEDO) .  Defocus 
values are a, - - 2 0 0 0 0  A;  b, - -3000 A; and c, + 1 4 0 0 0  A 

noted between the figures. "['he evaporated carbon film 
and the polyurethane film give the most contrasted 
structures and this is attested by the greater number of 
rings visible in the diffraction patterns. The images of the 
carbon film, the polyurethane film and the PS film were 
taken during the same session, i.e., with the same slight 
astigmatism. 

It is also interesting to note in Figure l lc how an 
increase of the film thickness weakens the phase structure. 
In a previous paper, thinner films of the same polymer 
were found to behave as pure phase objects 11. Except for 
these limited differences, the structures observed in all 
images appear fundamentally the same; the images are 
dominated by the spatially filtered noise structure. The 
variation of the size of the noise structure with defocus for 
PP films is also illustrated by the series of micrographs in 
Figure 5. For the films considered in Figure 10, larger 
amount ofdefocus do not reveal any additional structure. 

How does this structure common to all the films 
(carbon, PS and polyurethane) compare with previous 
observations of polyurethane morphology? Among these 
studies, two deliberately used the defocus technique TM 15 at 
optical conditions which were probably close to those 
used here. In other papers12,13 defocusing was apparently 
not intentional. Nevertheless, all images closely resemble 
those shown in Fiqure 9 and are then perfectly explained 
by the same causes. Any discrepancy between the sizes of 
the 'domain' structure from one paper to the other must 
be attributed to different defocusing conditions. Specimen 
drift, objective lens astigmatism, or aperture misalign- 
ment would result in apparent elongated domains. 

the last years 12 - 15. Part of the film is shown in Figure 10 
which presents a through focus series for defocus values of 
about - 20 000, - 30 000 and + 14 000 A, respectively. I n 
order to search for a possible domain structure in the 50 A 
to 200 A range, film thickness must also be within this 
range. Estimation of the thickness of the polyurethane 
film indicated that this condition was fulfilled. The size of 
the structure observed is a direct function of the absolute 
value of defocus, which is a feature typical of the noise 
structure 34. The optical diffractograms inserted in the 
figures confirm this observation (the minima observed are 
determined by the zeros of sin 2 )0. The larger 'domain' 
sizes infigure lOa are about 40 A as compared to 30 A for 
those in Figure 10c, which correspond to higher frequen- 
cies in the diffraction plane. Closer to optimum focus 
(Figure 10B) no such contrast is seen in either the image or 
the diffractogram. Here the transfer function is 
monotonously varying for most of the frequency range 
corresponding to the resolution of the image (15 A). 

As a defocused image will always consist of the 
superposition of the enhanced domain structure if there is 
one, and the filtered noise structure, it is interesting to 
compare images of different specimens recorded under the 
same optical conditions. Images of the polyurethane film, 
a carbon film and a polystyrene film, respectively, are 
presented in Figures 1 la 1 lc. They have been taken at 
20000 magnification to limit radiation damage. This 
magnification allows a final resolution of about 15 A, a 
value sufficient for the present investigation. The optical 
diffractogram inserts to the images show the similarity of 
the defocus conditions in each experiment, i.e., about 
20000 A (absolute value). A few minor differences can be 

Figure 11 Electron micrographs of a -- polyurethane f i lm;  
b - - c a r b o n  f i lm;  and c -- polystyrene f i lm. The corresponding 
optical di f f ractograms attest to the similari ty of the defocus con- 
dit ions in each case 
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As a consequence, no reliable information about the 
actual structure of polyurethane and other complex 
systems can be derived from such images. Because the 
apparent domain size depends on both the size of the 
potential fluctuations and upon the transfer function, 
differences in the high resolution noise structure of a wide 
range of amorphous materials is still under study to 
determine the exact nature of the amorphous "order "~5. 
Such studies are outside the goals of the present work. 
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tially determined by the microscope transfer function ~ 
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series, this technique does provide a faithful image of 
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