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Physically strict detection of the contrast of electron microscopic images of amorphous nanomaterials
has been proposed. The necessity of separation of the contribution to the contrast of different types of elec-
tron scattering by sample atoms, namely, resilient coherent, resilient non-coherent, and non-resilient, has
been revealed. Simple analytical correlations for the determination of the contribution to the electron mi-
croscopic contrast of three different scattering types have been deduced.
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1. INTRODUCTION

Modern electron microscopy gives wide possibilities
for the investigation of the structure of nanomaterials.
Typical features of the electron microscopy are the fol-
lowing: high resolution on the level of separate atoms,
locality of the analysis on the level of units of nanome-
ters, immediacy, complexity of application of different
techniques, transition rate from one monitoring mode
to another, possibility of modeling of different external
influences on the sample in the microscope column di-
rectly, etc. Therefore, electron microscopic (EM) inves-
tigations allow to estimate rapidly and with a sufficient
degree of probability and to quantitatively measure a
number of important structure-operating parameters of
nanosystems [1-3]. But in the majority of the cases, this
concerns the study of crystalline objects. In the case of
the disordered amorphous nanomaterials, quantitative
EM methods are developed much worse, and much less
theoretical and experimental works are devoted to the
analysis of these questions. In the overwhelming majo-
rity  of  modern  publications,  analysis  of  EM  images  of
amorphous substances is performed on the descriptive
level [4, 5]. Strict description of the nanostructure of
such objects provides for determination of a number of
quantitative parameters from the EM changes. Espe-
cially, this concerns amorphous substances of complex
chemical composition. In such samples, formation of the
EM images is conditioned by the complex action of a nu-
mber of reasons, namely, by the presence of atoms with
different scattering possibilities of electrons; possibility
of the local phase separation with distinction of differ-
ent phases in both chemical composition and structure;
difference in the diffraction contributions of different
neighboring local regions; variation of the geometric
thickness; local changes of the atomic density in the
sample; presence of nanopores; manifestation of a high
level of noises; absence of distinguished boundaries bet-
ween image elements; anisotropy of the nanostructure,
etc. During the formation of the EM image, contributions
of all mentioned features of the structure of amorphous
nano-objects overlap and form one contrast type which
is called the amplitude or absorbed one. Therefore, the

search of the methods of quantitative detection of their
role in the formed general EM contrast is a very com-
plex and promising scientific problem. In the present
work, we justify the general quantitative determination
of the amplitude contrast of EM images and analyze
the possibility of usage of the given parameter for the
quantitative analysis of nano- and microstructure of
amorphous nanosystems and nanomaterials of complex
chemical composition.

2. INVESTIGATION TECHNIQUE

Several different meanings of the term “contrast”, na-
mely, optical contrast, color contrast, luminance range,
lighting contrast, image contrast are used in physics
and photometry [6]. Therefore, to perform the quantita-
tive analysis of EM images one should give clear physi-
cal definition of such important quantity as the ampli-
tude EM contrast and find simple and safe techniques
for its obtaining.

Different researches propose different definitions of
the contrast on EM images of the objects. Here, differ-
ence in the optical characteristics of different regions of
image is meant by EM contrast. Comparison of these
characteristics is often carried out with respect to the
certain basic value. For example, intensity of the inci-
dent electron beam І0 is  taken  as  such  basic  value  in
the works [7, 8]. But definition of the contrast is differ-
ent there. In [7], natural logarithm of the ratio of the
electron beam intensity I (which  passed  through  the
object and scattered inside aperture angle of the lens)
to its basic intensity I0 is considered as the contrast

ܭ = ቚଵ
ఊ
ቚ ln ቀ ூ

ூబ
ቁ, (1)

where g is the parameter which takes into account the
features of environment used for the detection of EM
images. As the numerical characteristic of EM contrast
[8], the value similar to the optical visibility introduced
by Michelson into photometric optics [9] is used

ܭ = ூబିூ
ூబାூ

. (2)
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Detection of the contrast using correlations (1) and
(2) in practical electron microscopy causes considerable
difficulties. They are connected with the complexity of
the experimental registration of intensity I0 and used
rather rarely in the investigations of nanomaterials.

The value of contrast of EM images for quantitative
measurements in modern electron microscopy is often
specified as the change of the electron beam intensity
I1 – I2 induced by its scattering inside aperture angle in
different local regions of the object [10], i.e.

ܭ = ூభିூమ
ூభ

= 1− ூమ
ூభ

. (3)

But this approach to the quantitative analysis of EM
images has substantial disadvantages. Firstly, the value
of K will take different values depending on that which
image element we denote to be the first, and which one
– to be second. Secondly, contrast by the formula (3)
can be both positive and negative, while by the physical
meaning it should have strictly positive value.

Thus, quantitative analysis of EM images requires
the establishment of clear physical meaning of the EM
contrast value. The most rigorous solution of this ques-
tion is given in photometry. In this section of physics,
contrast is determined as the largest difference in the
illuminance of different elements of the object

ܭ = ೌೣି
ೌೣା

, (4)

where Bmax and Bmin are the maximum and minimum
illumination [11]. To our opinion, such definition of the
contrast is best fitted for use in the region of analytical
electron microscopy of amorphous nanomaterials. Then
for EM images, as the parameter B it  is  necessary  to
take the value of “illumination” of local regions of the
detecting medium, i.e. intensity of the electron beam I
which forms EM image on these regions. Thus, by the
analogy with correlation (4), we will call the value of K
determined by expression

ܭ = |ூభିூమ|
ூభାூమ

(5)

the contrast between two elements of EM images. Here
I1 and I2 are the intensities of the electron beams which
form images of two local regions of EM image. The val-
ue of numerator in formula (5) is taken by modulus in
order in calculations of the contrast value it was not
necessary to establish which one of two intensities I1
and I2 is larger, since by the physical meaning contrast
always should be a positive number.

In modern electron microscopes and devices of pho-
tometric measurements, the process of registration and
digitization of images is performed in such a way that
to provide a linear dependence between intensity of the
forming electron beam and value of optical “blackening”
on the image induced of the given beam. We have to
note that for reusable recording plates and matrices
such dependence is typical almost for the whole inten-
sity range of microscope electron beams which form the
images [12]. For modern electron diffraction photo-
plates, this dependence is fulfilled only in the range of
small optical blackening D < 0,6-0,8 (for earlier photo-
plates D < 0,3-0,4).

Thus, depending on the value of blackening of pho-

tomaterial, different mathematical approaches for the
contrast calculations should be applied. Specific appli-
cation of correlation (5) in the quantitative analysis of
EM images is defined by the type of detecting medium
of electron microscope. Traditional photoplates, phos-
phorus reusable recording plates, electron matrices [12]
are the main of them now. The first two medium types
give higher resolution and contrast of EM images, but
for digitization they require photometric measurements.
Two last types of detecting devices represent images
directly in the form of a computer file recorded in one
or another format of image conservation. In this case,
level of black of each pixel of the recorded image corre-
sponds to the intensity of the electron beam which has
formed this image pixel. Therefore, for the determina-
tion of the contrast value of such images one should use
directly expression (5).

In the case of light blackening of photoplates, inten-
sity of the electron beam which forms the image is pro-
portional to this blackening, i.e. І = сD, where с is  the
proportionality coefficient. If blackening is determined
from the results of photometric measurements of photo-
plates, then by the determination of [4]

ܦ = lg ቀబ

ቁ, (6)

where Ф0 is the luminous flux incident on photometric
photoplate; Ф is the luminous flux outgoing from pho-
toplate and whose value is recorded by light-sensitive
elements. Since a signal from recording light-sensitive
elements of microphotometer is proportional to the flux
Ф and one can suggest that digital file which we obtain
as a result of photometric measurements of EM image,
specifies the two-dimensional distribution of this flux.
Therefore, contrast of EM images should be determined
exactly  through  the  value  of  this  flux.  At  acceptable
conditions, contrast of EM image on photoplates will be
equal to

ܭ =
ቚୡ୪ಅబಅభ

ିୡ୪ಅబಅమ
ቚ

ୡ୪ಅబಅభ
ାୡ୪ಅబಅమ

= |୪మି୪భ|
ଶ୪బି୪భି୪మ

. (7)

It is more complicated to obtain expression for the
contrast of EM images on photoplates when blackening
value belongs to the range of D from  0,3  to  2.  Here,
connection between the intensity of the electron beam
which forms the image and blackening should be writ-
ten in the form of D = δlg(Iτ).  Comparing the last  exp-
ression and correlation (6), one can write

బ


= ఛ(߬ܫ) = ఛ߬ఋܫ (8)

or

ܫ = ቀ బ
ఛഃ

ቁ
ଵ ఋ⁄

= ଵ
ఛ
ቀబ

ቁ
ଵ ఋ⁄

. (9)

Then, for the contrast value of such regions of EM
photographic images we have the following formula:

ܭ =
భ
ഓቤ
ಅబ
భ ഃ⁄

ಅభ
భ ഃ⁄ ି

ಅబ
భ ഃ⁄

ಅమ
భ ഃ⁄ ቤ

భ
ഓ
ಅబ
భ ഃ⁄

ಅభ
భ ഃ⁄ ାభഓ

ಅబ
భ ഃ⁄

ಅమ
భ ഃ⁄

=
ቤ
ಅమ
భ ഃ⁄ షಅభ

భ ഃ⁄

ಅభ
భ ഃ⁄ ಅమ

భ ഃ⁄ ቤ

ಅమ
భ ഃ⁄ శಅభ

భ ഃ⁄

ಅభ
భ ഃ⁄ ಅమ

భ ഃ⁄

=
ቚమ

భ ഃ⁄ ିభ
భ ഃ⁄ ቚ

మ
భ ഃ⁄ ାభ

భ ഃ⁄ . (10)

As seen from correlations (7) and (10), substantially
different techniques of determination of the contrast
numerical values correspond to two different ranges of
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photoplate blackening. In the first case, at digitization
of EM images besides photometric measurements of the
photoplate itself, one should carry out measurements of
the value of luminous flux which is directed on the pho-
tometric plate (see expression (7)). To this end, we ex-
perimentally carried out the procedure of photometric
measurements  of  the  light  field  of  clarified  table  with-
out photoplate disposed on it. By the results of such
scanning, the mean value of luminous flux Ф0 incident
on the photoplate was determined. In the second case,
such scanning was not necessary (see expression (10)),
but we have used it for the estimation of the uniformity
of distribution of the incident luminous flux over the
whole  area  of  photometric  EM  image.  We  should  note
that irrespective of the fact on which carrier EM image
was fixed (photoplate or electron matrix) and in which
region of blackening measurements are performed, the
contrast value specified by formula (5) will belong to the
range from 0 to 2 of relative units.

3. INVESTIGATION RESULTS AND THEIR
DISCUSSION

Let us analyze the features of using of the above
proposed value of EM contrast for the quantitative ana-
lysis of nano- and microstructure of amorphous materi-
als of complex chemical composition. We note that in
such objects, the EM image is formed due to the elec-
tron scattering on the studied sample within aperture
diaphragm with aperture angle a.  In this case, for the
analysis one should separate three types of scattering,
namely, resilient coherent, resilient non-coherent, and
non-resilient scattering. Intensity of the electron beam
which forms EM image of the local region of object due
to the certain mechanism [12] is defined as

ܫ = ,(݀ߩതߪ−)expܫ (11)

where -ത is the total averaged cross-section of the elecߪ
tron scattering by the corresponding mechanism within
aperture diaphragm;  is the averaged atomic densityߩ
of the given local region; d is its geometric thickness.

We will designate the intensities of electron beams
which form the image of local region of the sample due
to the mentioned three types of electron scattering as
Irc, Irn and In, respectively. Then, the total intensity of
the electron scattering by local region will be equal to
the sum of three intensities

ܫ = ܫ + ܫ + .ܫ (12)

Substituting this expression for the total intensity
of the electron scattering by two local regions into cor-
relation (5), we obtain

ܭ = |ூభೝାூభೝାூభିூమೝିூమೝିூమ|
ூభାூమ

=

= |ூభೝିூమೝାூభೝିூమೝାூభିூమ|
ூభାூమ

= ܭ + ܭ + , (13)ܭ

where ܭ = |ூభೝିூమೝ|
ூభାூమ

, ܭ = |ூభೝିூమೝ|
ூభାூమ

, ܭ = |ூభିூమ|
ூభାூమ

 are
the fractions of contrast conditioned by different types
of electron scattering in the object.

Analysis of expression (13) implies that the value of
contrast on EM images consists of three components. In
this case, the given components are not independent.

General parameter (I1 + I2),  which  is  specified  by  the
total intensities of three types of electron scattering, is
present in denominator of each component. Therefore,
parameters Krc, Krn, and Kn are not the image contrasts
conditioned by each scattering type separately. Such
values should be specified in the following form:

ᇱܭ = |ூభೝିூమೝ|
ூభೝାூమೝ

; ᇱܭ = |ூభೝିூమೝ|
ூభೝାூమೝ

; ᇱܭ = |ூభିூమ|
ூభାூమ

. (14)

Here, within the rigorous consideration in a general
case ܭ ≠ ᇱܭ ≠ ᇱܭ + ᇱܭ ᇱܭ+ . Therefore, in the practical
investigation of the contrast of EM images, one should
take into account all its components ,ܭ ,ܭ ,ܭ ᇱܭ ,
ᇱܭ , ᇱܭ , and total values ᇱ andܭ .ܭ

Determination of the introduced values of the con-
trast for substances of complex chemical composition
requires implementation of two main operations:
1. Averaging of the corresponding differential cross-sec-
tions of electron scattering over all chemical elements
of the studied sample.
2. Integration of the intensities of resiliently coherent,
resiliently non-coherent, and non-resiliently scattered
electrons within aperture angle of the object lens of the
electron microscope.

Each of these operations can be performed both the-
oretically and experimentally. The analysis we have
carried out implies [12] that for some types of the con-
trast, theoretical calculations are the optimal ones, and
for other contrast types – usage of experimental elec-
tron diffraction patterns is more preferable. Let us ana-
lyze these questions for each scattering type separately.

Contrast from the resilient non-coherent scattering.
It can appear due to the variation of one of three struc-
tural parameters of local regions of the investigated
sample: geometric thickness, chemical composition, and
nanoporosity level. Therefore, the quantitative analysis
should include consideration of all these three values.
Influence on the contrast of chemical composition of
local region of the studied sample is determined by the
basic characteristics of electron interaction with atoms
of the substance, i.e. atomic scattering amplitudes. We
should note that these amplitudes are determinative
parameter for the analysis of all three types of electron
scattering. Therefore, to our opinion, usage of the ref-
erence values of atomic electron amplitudes F(s) is the
optimal method of determination of the contribution to
the contrast  of variations of chemical compositionܭ
of the sample due to the change in the effective cross-
section of the resilent non-coherent electron scattering
തതതߪ = ଶߣ ⁄ߨ8 ∫ ఈݏ݀ݏതതതതതതത(ݏ)ଶܨ

 .
Experimental determination of the distribution of

different chemical elements in local regions of the sa-
mple should be the initial point of such analysis. Now
such investigations are easily performed using modern
scanning electron microscopes-analyzers which provide
locality of the analysis in tens of nanometers with the
accuracy to 5% [5]. Their results allow to experimental-
ly establish the relative fractions of different chemical
elements in the composition of one or another local re-
gion of the sample. If such fractions are different for
two studied local regions, this will contribute to the co-
ntrast between corresponding elements of EM image.

To establish the possibility of contribution to the
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contrast of different geometric thicknesses of local re-
gions of the sample, besides of EM investigations one
should carry out the study of the profile of the object
surface using nanoprofilograph or atomic force micro-
scope. If different local regions of the object have differ-
ent level of nanoporosity, then they will differ by the
averaged atomic density ρ. Presence of such differences
can be established by registering of the dark-field EM
images of the sample obtained at different position of
aperture diaphragm near the central beam. If results of
the given experiments establish different level of nano-
porosity level of local regions, then they should have
different atomic densities ଵ andߩ .ଶߩ

Using the whole complex of the obtained results,
one can find the quantitative values of the contrast
contribution due to the resilient non-coherent electron
scattering. In particular, for modern detecting plates with
taking into account expressions (5) and (12) we obtain

ܭ = |ୣ୶୮(ିఙభതതതതതఘబభௗభ)ିୣ୶୮(ିఙమതതതതതఘబమௗమ)|
ୣ୶୮(ିఙభതതതതതఘబభௗభ)ିୣ୶୮(ିఙమതതതതതఘబమௗమ) . (15)

Contrast from the resilient coherent scattering. Si-
nce structure of atomic grid of the investigated sample
is unknown, then determination of the contrast due to
the resilient coherent scattering  orܭ ᇱܭ  is possible
only by the experimental methods. The effective cross-
section of the resilient coherent electron scattering by
atoms of local region of the sample of complex chemical
composition is specified by the following mathematical
expression:

ߪ = ఒమ

଼గ ∫ ఈݏ݀ݏ(ݏ)ܵ(ݏ)ଶܨ
 , (16)

where S(s)  is the  structural factor of the atomic grid of
local region which is experimentally determined by the
methods of nanodiffraction of electrons. Corresponding-
ly, the quantitative value of the contrast contribution
due to the resilient coherent electron scattering is de-
fined from correlation (15) in which instead of the effec-
tive cross-sections തതത we substituted cross-sectionsߪ  ofߪ
local regions of the test object.

Contrast from the non-resilient scattering. Contri-
bution to the contrast of non-resiliently scattered elec-
trons - can be found both theoretically and experimeܭ
ntally. But, taking into account sufficient difficulties in
theoretical calculations of atomic cross-sections of non-
resilient electron scattering and in their strong depen-
dence from the real conditions of registration of the ele-
ctron diffraction patterns, experimental determination
method of the value of  should give more safe andܭ
reliable results. In this case, ߪ = ଶߣ ⁄ߨ8 ∫ ఈݏ݀ݏ(ݏ)߮

  is
the effective cross-section of the given scattering type,
where -is the experimentally determined distribu (ݏ)߮
tion function of the intensities of non-coherent back-
ground within aperture diaphragm. Correspondingly,
the quantitative value of contribution to the contrast of
EM images due to the non-resilient scattering is the
following:

ܭ = |ୣ୶୮(ିఙభఘబభௗభ)ିୣ୶୮(ିఙమఘబమௗమ)|
ୣ୶୮(ିఙభఘబభௗభ)ିୣ୶୮(ିఙమఘబమௗమ) . (17)

At the presence in the studied sample of local regi-
ons, which scatter electrons by three different mecha-
nisms, the quantitative value of the contrast of EM
images will be defined by the sum of all three contribu-
tions according to correlations (15), (16), and (17).

4. CONCLUSIONS

For the quantitative analysis of the electron micro-
scopic images, one should use the physically rigorous
definition of the electron contrast, whose value does not
depend on the intensity of probing beam of the electron
microscope. Usage of such definition in analytical elec-
tron microscopy requires separation of the contribution
to the contrast of different types of electron scattering
by sample atoms within aperture diaphragm: resilient
coherent, resilient non-coherent, and non-resilient. Sim-
ple analytical correlations for the determination of the
contribution value to the electron microscopic contrast
of these three scattering types are proposed.
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