
Abstract. We discuss the reasons for an increase in the coeffi-
cient of backscattered electrons (BSEs) for multilayer film
nanostructures during their study with a scanning electron
microscope (SEM) and consider the conditions for the occur-
rence of contrast inversion of their images. A complete analy-
tical expression for the signal detected in the BSE regime by an
SEM is derived for the first time for multilayer nanostructures.
Solving direct and inverse problems relating the signal values to
the composition of a three-dimensional sample as a function of
the energy of probe electrons allows the thicknesses and depths
of nano-objects to be determined in a matrix array with high
spatial resolution. The main calculations in this paper are
performed using refined empirical formulas corresponding to
the experimental data obtained by the authors or presented in
the cited literature.

Keywords: scanning electron microscopy, backscattered elec-
trons, multilayer thin-film structures, image contrast

1. Introduction

With the rapid development of nanotechnology in recent
decades, scanning electron microscopy has become increas-
ingly popular as a versatile tool for monitoring and diagnos-
ing three-dimensional nanostructures.

This is facilitated by such advantages of scanning electron
microscopes (SEMs) as high spatial resolution (up to units of
nanometers) and a large information depth equal, in order of
magnitude, to that of primary electrons in a massive target
(up to units of micrometers at primary electron energies of
tens of keV) [1, 2]. A wide range of detectable signals, for
example, in the regimes of secondary electron emission,
backscattered electrons (BSEs), X-ray spectral microanaly-
sis, cathodoluminescence, and electron-induced current
makes SEMs indispensable and powerful instruments for
obtaining unique information about structure, composition,
and properties of new materials and devices.

One of the priority tasks in the nanotechnology industry,
including in the field of micro- and nanoelectronics, is the
study and quality control of submicron multilayer devices, in
particular, the determination of the thickness of local
nanofilms on massive substrates. In general, this problem
has been solved quite successfully using BSE signal detection
in an SEM [3±6], but only as applied to one film on a
substrate. The advantage of this method is that it allows,
along with visualization of the object, the local thicknesses of
optically opaque films to be nondestructively determinedwith
submicron lateral resolution.

Afanas'ev et al. [7] and Mikheev [8] made a significant
contribution to the solution of the direct and inverse
problems of analyzing the BSE signal from film struc-
tures. Consistent improvement of the methods and refine-
ment of the calculation formulas for determining the
thickness of films on substrates in an SEM was performed
in papers [9±11].

As for the measurements of thicknesses and depths of
individual near-surface details, for example, subsurface local
films in multilayer structures, only a few papers have been
published so far [12±16]. The solution of both the direct and
inverse problems is much more complicated than that in the
case of the above-considered `film-on-substrate' structure.
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In this paper, the stated problems are solved completely
for the first time and the corresponding relationships between
the value of the detected signal and the parameters of the
three-dimensional nanostructure are derived. In this case, use
is made of the calculation algorithm and the refined formulas
proposed in [14] and [15], respectively. Of certain interest and
practical significance is also the phenomenon of contrast
inversion of images of multilayer nanostructures. Contrast
inversion in an SEM in the BSE detection regime has
attracted attention for quite a long time [17±21], but until
now there has been no complete explanation of its occurrence.
Thus, in their earlier papers, Aristov et al. [17, 18] did not
present any analytical expressions for the IS signal, except for
the data of experimental measurements, and did not discuss
the role of the hardware function of the BSE detectors. On the
contrary, Hejna [19] assumed that the geometry of the
experiment and the hardware function play a major role in
the appearance of the contrast inversion of images of
multilayer thin-film structures. Kowoll et al. [21] used
Monte Carlo calculations of the signal to explain the
inversion; however, their paper lacked visual physical and
mathematical description and calculation formulas for the IS
signal, without which it is difficult to interpret the results. In
the present paper, due attention is paid to this problem, and
correct calculations of the image contrast are performed, in
good agreement with the experiments.

Another method in this field of research can be nanoto-
mography in X-ray imaging. The method is implemented
either in an SEM [22] or in installations using focused
synchrotron radiation [23]. In the latter case, the spatial
resolution is comparable to that in the BSE detection regime
using an SEM.However, themain limitation is that only a few
large research centers equipped with a synchrotron radiation
source are capable of implementing this regime. With phase-
contrast imaging, when traversing the sample, the substrate
must be thinned, while an SEMmakes it possible to study, for
example, multi-level integrated circuits in a housing with the
top cover removed. This circumstance can be significant in
flaw detection and failure analysis of microelectronic pro-
ducts. The X-ray standing-wave technique [24, 25] also allows
one to obtain quantitative characteristics of three-dimen-
sional nanostructures, but it is not widely used, since it
requires specialized laboratory facilities. Unlike X-ray meth-
ods, the technique proposed in this paper is generally
available and can be implemented using widely used serial
devices such as SEMs.

2. Detection of the effect of increasing
the coefficient of backscattered electrons
for film multilayer nanostructures

The experiments were performed using LEO1455 (Zeiss,
Germany) and Quanta (FEI, USA, Netherlands) SEMs with
commercial standard silicon detectors.

The object of the study was a layered structure of
nanofilms with calibrated thicknesses. Figure 1 shows the
drawing of the nanostructure. It consists of a massive silicon
substrate 5, onto which two gold films (thicknesses
d1 � 10:8 nm and d2 � 19:9 nm) are deposited by thermal
evaporation (sections 1 and 2). The size of each film is
200� 100 mm2. The structure top is partly covered with a
150-nm-thick aluminum film measuring 200� 100 mm2. The
aluminum film covers only a quarter of each gold film
(sections 3 and 4). The images of this layered nanostructure

obtained at three energies of primary irradiating electrons in
the SEM detection regime are shown in Fig. 2.

These images showa phenomenon that is surprising at first
glance: at certain energiesEB, the images of the sections of the
Au films hidden under the aluminum film become brighter
than those of the open Au films on the silicon substrate. Thus,
in Fig. 2a at EB � 7:0 keV, the uncovered sections of the Au
films look light, while the square section covered by theAl film
looks dark, and the images of the sections with Au under this
film are invisible. At EB � 10 keV, the near-surface sections
of the Au films become visible, the contrast of the images of
the closed and open sections of the Au films is almost the
same, and the image of the Al film disappears (Fig. 2b).
Finally, at EB � 15 keV, a striking phenomenon is observed:
the image of the buried sections of the Au films, previously
invisible, becomes brighter than that of the open sections
(Fig. 2c). The question arises: Does such an increase in the IS
signal result from an increase in the BSE coefficient in the

1 2

3 4

5 Si substrate

Al

Au d � 10.8 Au d � 19.9

t � 150

A A0

Figure 1. Structure consisting of a Si substrate (section 5) with deposited

Au films of thickness d � 10:8 nm (sections 1 and 3) and d � 19:9 nm

(sections 2 and 4). Sections 3 and 4 are covered from above with an Al film

of thickness t � 150 nm and a size of 200� 100 mm.

7 keV

10 keV

15 keV

a

b

c

Figure 2. Images of the multilayer nanostructure shown in Fig. 1 during

BSE detection using an SEM. The images are obtained at different

energies EB of the irradiating electrons.
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corresponding sections of the structure and, if so, what are the
reasons for this?

3. Calculation of the IS signal
from semiconductor detectors
for multilayer film nanostructures

The BSE current from semiconductor detectors, IS, is
generally represented by the expression [1]:

IS � IBZsf

�
Esf

Ei

�
f �O�

�
�1ÿ ZD�

�
1ÿ Eth

esfEsf

��
; �1�

where Zs is the coefficient of BSEs from the sample, Es � esEB

is the average BSE energy with the coefficient e, Ei is the
energy of generation of an electron±hole pair in the detector
material, O is the solid angle of collection of BSEs by this
detector, ZD � f �Es� is the coefficient of BSEs from the
detector, Eth is the threshold energy of the detector at which
IS � 0, and y is the average angle of reflection of electrons.

The experimental technique is based on the principle of
calibrating this signal using the gray-level scale of the
microscope screen [26±28]. If the composition of the sample
is known, then the gradation of the gray-level scale from 0 to 1
ismade using theminimum signal I01 from the lightest element
with atomic number Z1 and the maximum signal I02 from the
heavy element with atomic numberZ2. These signals at one of
the selected energies of primary electrons,EB, are equal for the
massive standard samples, i.e., samples Z1 and Z2:

I01 �
�
L� C�Z1; e1�

�
F1 ;

�2�
I02 �

�
L� C�Z2; e2�

�
F2 ;

where Z, e, and F are, respectively, the BSE coefficient for
materials Z1 and Z2, the coefficient of their reflected average
energy, and the response function (F ) of the detector. The
massive standard samples are mounted on the stage together
with the sample under study. If the chemical composition and
structure of the sample are not initially known, then an X-ray
spectral microanalysis of the sample is first carried out using
an X-ray microanalyzer, which all modern SEMs are
equipped with [13]. Thus, according to two equations (2),
the constants of the microscope settings are determined: L is
the signal level and C is the contrast (gain) of the signal from
the sample. After determining L and C from the IS signals at
two energies of primary electrons EB1 and EB2 (Fig. 3), it
becomes possible to find the film thicknesses d and t [15].

The signals IS1 and IS2 are found from the experimental
profiles of the linear scanning of the sample. Typical
profilograms are shown in Fig. 3 for energies EB � 7 and
15 keV. These profilograms, as well as the images in Fig. 2,
demonstrate the effects of an anomalous increase in the signal
and the inversion on the double layer with respect to a single
layer on the substrate.

Coefficients Z are found using the following empirical
relation proposed by us, which differs from those given in [29±
31] by the values that are closer to the experimental [32±34]
ones:

Zs�Z;EB��exp �ÿ6:4Zÿ0:5�
�
1�ln �Z=33�0:5�1�0:16 lnE 0:666

B �
1�ln �Z=33�0:5�1�0:16 ln 100:666�

�
;

�3�

where the energy EB is normalized to 1 keV, and the value of
EB � 10 keV is given in the denominator in square brackets.
Formula (3) is valid for elements at Z > 10, while at Z < 10,
the values of (1� 0:08 lnE 0:333

B ) should be used in the
numerator, and the value of (1� 0:08 ln 100:333) should be
used in the denominator. The next parameter es in Eqns (1)
and (2) is determined by a slightly more refined expression
from [35]:

es � Es

EB
� 0:46�1� 1:6Zs� : �4�

Finally, the detector response function when measuring
the BSE spectrum from a sample is determined by the
relation:

F � �1ÿ ZD�
�
1ÿ Eth

esEs

�
; �5�

where Eth � 0:75=es determines the average value of the
threshold energy of the BSE detectors, and the value of
0.75 keV refers to the response to a monoenergetic electron
beam (found by us experimentally). The value of the BSE
coefficient of the detector material, ZD (in this case, from a Si
crystal), when the energy Es reflected from the sample is
incident on it, is found from relation (3) for the silicon
material by using the value of ES instead of EB.

Let us describe the sequential calculation of the IS signal
from the detector, illustrating it with specific examples. We
will use the method proposed in [18] and schematically shown
in Fig. 4.

Let us consider a fragment of the previously described
sample (according to Figs 1 and 2). We will use a 10 nm thick
Au film on a Si substrate (composite system S1). Part of this
structure (film on the substrate) is covered with an Al film
with a thickness of t � 150 nm (system S2).

To determine IS using formulas (1) and (2), it is necessary
to calculate the coefficients Z, e, and F. The BSE coefficient Zsf
of the S1 system (a film of thickness d with atomic number Zf

on a massive substrate with atomic number ZS) is calculated
using the well-known formula [3±5]:

Zsf � Zos � �Zof ÿ Zos�
�

Zf
Zof

�
; �6�

a

b

Figure 3. Signals IS recorded during linear scanning along the line A±A0

(Fig. 1) at an energy of EB � 7 (a) and 15 keV (b).
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where Zos and Zof are the coefficients of BSEs from the
materials of the substrate with Zs and the massive film with
Zf. They are determined using formula (3). The relative
coefficient of BSEs from a film of thickness X is generally
determined using the formula [35]:

Zf
Zof
� 1ÿ exp

�
ÿ A

�
X

R

�P �
; �7�

where X is either di (the thickness of the Au film on the Si
substrate) or t (the thickness of the upper Al film). The
empirical expressions for the parameters P and A for
different targets are as follows [15, 36]:

P�1:11Zÿ0:333 ; Aÿ1� Xm

R
� 0:55 exp

�ÿ 0:022�Z� 3��;
�8�

where Xm is the average depth of electron reflection in the
sample. The electron path depths in the materials of the
sample, R, and the detector, RD, will be determined by the
formula averaged over many publications (see, for exam-
ple, [1]):

R � 67:5E 1:5rÿ0:85m ; �9�

whereR is given in nm, and the specific density target material
rm is measured in g cmÿ3.

Let us return to the qualitative consideration of Fig. 4. At
EB � 5 keV (Fig. 4a), we have Xm1 � 4:8 nm on the Au film
(d � 10 nm) and Xm2 � 119 nm on the Al film (t � 150 nm).
Thus, the electron probe is not able to pass through these
films, which are massive targets in this situation. Here,
Z�Au�4 Z�Al�; therefore, a strong contrast from the struc-
ture (Z is the contrast) appears in the images. AtEB � 10 keV
(Fig. 4b), the electron probe already penetrates both films,
since Xm�Au� � 13:5 nm, and Xm�Al� � 338 nm. As a
result, for two sections of the sample, as will be shown
below in the calculations, we have almost equal signals IS,
since Z�Au=Si� � Z�Al=Au�. And, finally, for the case of
EB � 15 keV (Fig. 4c), we have inverse values of the IS
signal, since

Z �Au=Si� < Z �Al=Au=Si� :

Now the electron probe penetrates the composite system S2

and interacts with the complex system S1. The sections
located under the Al film are affected by the flux ItrEtr

weakened in intensity and energy rather than by the electron
flux IBEB. The flux intensity Itr is characterized by the
expression [35]:

Ztr �
ÿ
1ÿ Zf �Al�� exp �ÿ 4:605

�
t

R�Al�
�1:98�

; �10�

where Zf�Al� is determined from (7), and R�Al� is found
from (9).

The average energy loss for electrons passing through the
Al film of thickness t is determined by the expression [35, 36]:

etr � Etr

EB
� a exp

�
ÿ t�Al�
R�Al�

�
; �11�

where a � 1ÿ Zf �Al�. An important remark should be made
here, which consists in the fact that the energy Etr passed
through the film of thickness t has a distributionwith themost
probable value ofEp. This energy, according to the analysis of
transmission spectra [1, 36±39], can be approximated by the
empirical expression:

Ep � E0

�
1ÿ 0:666

ÿ
cos
ÿ
arcsin �etr�

���
: �12�

This value is used for the energy incident on the S1 system
(Si substrate±Al film). Consequently, it is necessary to
recalculate the parameters, in particular, the coefficients
Z0�Si�, Z0�Au�, and Zsf�Au=Si� according to formulas (3),
but with the substitution of EB by Ep. The second important
consequence of the energy transformation is the change in the
primary electron path depth in the Au film, which is
calculated as before according to formula (9), but now at the
energy Ep. Then, according to the above scenario of finding
the values of Zsf, esf, and Fsf for the S1 system, new values of
Z 0sf, e

0
sf, and F 0sf are calculated, but already for the S2 structure.

Successive substitution of expressions for Zsf, esf, and Fsf in (1)
yields the formula for the signal from the composite system S1

(of thickness d on a massive substrate):

Isf � b�Zsf � 1:6Z 2
sf�
ÿ
1ÿ ZD�Esf�

��
1ÿ Eth

0:21EB�1� 1:6Zsf�2
�
;

a

b

c

IB EB

S1

EB � 5 keV
IB EB

Xm1

Xm2 t � 150 nm

d � 10 nmAu

Si substrate

Al

Z(Au)

Z(Al)

Z�Au�4 Z�Al�

IB EB

EB � 10 keV

IB EB

Xm1

Xm2Itr Etr
S1

S2Au

Al

Z(Au/Si)

Z(Al/Au);

Z�Au=Si� � Z�Al=Au�

IB EB

EB � 15 keV

IB EB

Xm1 Xm2

Itr Etr

S1

S2

Al

Z(Au/Si)

Z(Al/Au/Si);

Z�Au=Si�5 Z�Al=Au=Si�

Figure 4. Scheme of interaction of a primary electron beam at current IB
and energy EB with a two-layer Al±Au film structure located on a massive

Si substrate.
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where

Zsf � Zos � �Zof ÿ Zos�
�
1ÿ exp

�
ÿ Ad

�
d

R0

�P1
��

: �13�

Expression (13) is a transcendental function in which the
value of d is found by the iteration method or using computer
programs. The following parameters are included in (13):
R0 is the electron path depth in Au,

b � const � IB f �O�
Ei

;

Zos � Zs�Si� ; Zof � Zs�Au� ;

and the parametersAd and P1 for Au are found from (8). The
formula for the I 0S signal from the S2 system (a double layer of
films on a substrate) is even more cumbersome, since it
includes the term Zsf as Zos from equation (13), parameters
At (instead of Ad) and P2 (instead of P1) for the upper cover
film Al, and new values of Zs�Ep� andR�Ep� determined from
the above formulas. In this case, a new transcendental
equation is also solved and the sought for parameters d and
t are found by the iteration method.

Let us give as an example numerical estimates of the
parameters Zsf and Z 0sf as well as the signals Isf�Zsf; esf;Fsf� and
I 0sf�Z 0sf; e 0sf;F 0sf� at EB � 15 keV, t�Al� � 150 nm, d�Au� �
10:8 nm, and verify that Z 0sf > Zsf and I 0sf > Isf. Thus, for the
S2 system, Zso�Au� � 0:493, Zso�Si� � 0:174, Zsf�Au=Si� �
0:26, esf�Au=Si� � 0:656, F �Au=Si� � 0:723. Hence, the
signal IS�Au=Si� � 0:64, which coincides with the experimen-
tally measured value with an error of 2.5%. Below, for the S2

structure, i.e., for a double layer of dissimilar films on a
massive substrate, we have successively Zso�Al� � 0:161,
Ztr � 0:965, etr � 0:857. Hence, Etr � 12:85 keV, R 0�Au� �
217 nm, Z 0�Au� � 0:491, Z 0�Si� � 0:176, Z 0sf � 0:3, e 0sf �
0:676, F 0sf � 0:73, finally I 0sf � 0:913. Here, the error is 4.7%,
since the experimental value of the signal is I 0sf � 0:87.

4. Discussion of the results

The coefficients Zsf and signals Isf calculated by the formulas
given above for the S1 system, as well as the coefficients Z 0sf
and signals I 0sf for the S2 system are shown in Figs 5 and 6. For
the S1 structure, `the Au film (d1�10:8 nm) on a Si substrate'
is a massive Au target for primary electrons with energy EB

ranging from 1 to 5 keV (Fig. 3a). Therefore, the coefficient
Z0�Au� in this energy range increases according to (3), which
is shown by the characteristic Zsf curves in Fig. 5.

A similar increase in Zsf for a 19.9 nm thick Au film is
observed up to energies EB � 7 keV. However, an Al film
with a thickness of t � 150 nm is a massive target in the
energy range from 1 to 5 keV (Fig. 3a). Therefore, according
to formula (3), Zs�Al� decreases with increasing EB. When the
energy EB exceeds 5 and 7 keV, an increasing number of
primary electrons are reflected from the S1 system (Au/Si)
rather than from the Au film, and the dependence Zsf � f�EB�
is characterized by a decreasing function (6) (see Fig. 5).
However, for the S2 system, the opposite situation is
observedÐ the initial growth of Z 0sf is replaced by a decline,
the maximum value of Z 0sf being an individual characteristic
achieved at certain values of the energy EB. As a result, we
have an intersection of graphs for Zsf�EB� and Z 0sf�EB� and
their corresponding inversion. For example, for a 10.8 nm

thick An film, the intersection of the Zsf�EB� and Z 0sf�EB�
graphs is observed at EB � 11 keV. Up to EB � 11 keV and
higher, Zsf > Z 0sf and Zsf < Z 0sf, respectively. At such energies,
there occurs contrast inversion of the BSE images similar to
those shown in Fig. 2. This fact is an indisputable proof of an
increase in the BSE coefficient under certain conditions. To
exclude the ambiguity of this statement, we calculated the
IS signal from the structure in question as a function of EB, d,
and t for the S1 and S2 systems. The calculations were made
using formulas (1) and (2), i.e., taking into account the
contribution of not only the BSE coefficients Zsf, but also
their average reflected energy esf and the detector response
function Fsf to the signal. The calculation results are shown in
Fig. 6. The signals IS and I 0S for the systems S1 and S2,
respectively, are limited along the EB axis by the Eth value
(0.75 keV< Eth < 2.5 keV), initially increase, and reach a
maximum, after which they tend to a constant value with a
tendency to slowly decrease. As in the case of the regularities
for Zsf�EB�, and Z 0sf�EB� shown in Fig. 5, we again observe an
inversion of the graphs for IS and I 0S. The full expanded
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Figure 5. Dependences of reflection coefficients Zsf and Z 0sf on energy of

irradiating electrons for composite systems S1 and S2, respectively (shown

in Fig. 4).
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Figure 6. Dependences of calculated values of signals IS and I 0S from

semiconductor BSE detectors for systems S1 and S2 on energy EB of

irradiating electrons: IS1 for t � 0, d � 10:8 nm, IS2 for t � 0, d�19:9 nm,

as well as I 0S1 for t � 150 nm, d � 10:8 nm, I 0S2 for t � 150 nm,

d � 19:9 nm.
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formula (13) includes several increasing and several decreas-
ing exponentials. Their combination leads to the presence of a
maximum in the graphs, IS � f �EB�.

The decisive and determining factor of the image contrast
inversion is the increase in the number of reflected electrons in
the sections hidden by the surface film. This conclusion is
confirmed by the results of calculating the contrast of the
images shown in Fig. 7. Contrast C was estimated by the
relations:

C�IS� � IS1 ÿ IS2
IS1

� 100% ;

�14�
C�Z� � Zsf ÿ Z 0sf

Zsf
� 100% :

The contrast was calculated for various combinations of
the film compositions and thicknesses d and t and for various
substrate materials. Massive samples of silicon and carbon
were taken as substrates. The film material consisted of
aluminum, gold, and nickel with different thicknesses d and
t. For all combinations, a general trend is observed, shown in
Fig. 7, where the calculated values of contrast for a number of
samples are given as an example. A higher contrast is
noticeable for a substrate made of a low-Z material, for

example, carbon compared to silicon. The contrast increases
with the growth of the atomic number Z of the film material
on the substrate and the thickness d of this film (higher
contrast on Au samples compared to Ni). An extreme
dependence on the material and thickness t of the upper film
is found.

The presented results demonstrate that the estimates of
the image contrast using both formulas (14) give consistent
values. This confirms the priority contribution of the BSE
coefficients to the contrast characteristics.

5. Conclusions

We solved the direct and inverse problems of establishing the
relationship between the detected signal of backscattered
electrons from multilayer nanostructures in an SEM and the
parameters of a massive substrate and composite films on its
surface. The problem was solved using refined formulas for
the coefficient of the backscattered electrons and their energy,
for the most probable energy of transmission electrons, and
for the hardware function of the measuring device. These
formulas can serve as a reference material for SEM users. The
proposed algorithm for finding thicknesses of subsurface
local films or any bulk inhomogeneous inclusions in the
matrix of an optically opaque sample allows the depths and
thicknesses to be determined with an error of up to 10%. For
example, for a buried film 5 nm-thick, the measurement error
is �0:5 nm with a lateral resolution of nm. For nondestruc-
tive methods of diagnostics and visualization of local
nanostructures, such results are the most accurate.

The effect of increasing the BSE coefficient is inherent
only in layered nanosystems containing a substrate and a
cover film of light elements (small Z) and an intermediate
layer of a material with a higher atomic number Z.

Topics such as the efficiency of such an electron-multi-
plying system with an oblique incidence of primary electrons,
finding the optimal composition and thickness of films, and
the energy range of the amplified electron flow require further
additional research, as does the problem of the possible
application of the effect in modern nanotechnology.
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