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The possibilities of non-destructive multilayer structure characteriza-
tion using the backscattering electron and modulated cathodoluminescence
modes of the SEM have been discussed. It is shown that these techniques
allow one to measure the parameters of thin layers of the thickness of about
10 nm.
PACS numbers: 79.20.Fv, 68.35.Dv

1. Introduction

Multilayer stuctures are now widely used in numerous fields of technology,
therefore the development of techniques for non-destuctive characterization of
these stuctures is of great importance. The thickness of layers in multilayer stuc-
tures can range from 1 nm to some μm, thus in order to measure their parameters
it is necessary to develop different techniques with an appropriate spatial resolu-
tion. Very promising for these purposes are the methods based on the scanning
electron microscopy (SEM) measurements. In principle, the SEM techniques allow
one to achieve a high spatial resolution but usually the resolution degrades due
to large enough dimensions of the signal 'formation region. Therefore, in order to
realize the high spatial resolution, some special methods or image processing pro-
cedures should be developed [1-3]. In the case of a non-destuctive characterization
of planar multilayer structures the electron beam is directed perpendicular to the
stucture plane while the main parameters change as a function of depth. There-
fore a third variable for the reconstuction of the parameter distribution should
be used. As the third variable an electron beam energy Eb is usually used, which
determines the primary electron penetration depth, i.e. a set of images with Eb
as a parameter is obtained and the property distribution is reconstructed on the
base of such measurements.

(81)
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In the present paper the possibilities of two such techniques for the multilayer
structure characterization using the measurements of the signal dependence on the
primary electron energy are discussed. The first one is based on the backscattering
electron (BSE) coefficient measurements, the second one is the modulated cathodo-
luminescence (MCL) technique. It has been shown that the BSE signal from mul-
tilayer structures has maxima in the Eb dependence. The number of maxima is
equal to the number of layers containing heavier elements and their position is
determined by the thickness and depth of these layers. Using this method it is
possible to measure the layer parameters down to the thickness of about 10 nm.
The MCL technique allows one to obtain the depth of the luminescencing layer
and to study the luminescence spectra from any layer of twolayer stuctures.

2. Backscattering electron mode

It is well known that the BSE signal from multilayer and thin film structures
strongly depends on the primary electron energy Eb [4, 5]. Therefore, from the BSE
signal dependence on Eb it is possible, in principle, to obtain such parameters of
multilayer stuctures as their thickness and depth. To check this possibility the
investigations of some test structures consisting of thin layers of aluminium and
copper evaporated on silicon wafers were carried out. For measurements of the BSE
signal either a semiconductor detector of backscattering electrons or an absorption
current mode of the SEM with a negatively charged grid suppressing the secondary
electron emission have been used. In the first case the signal is proportional to the
backscattering electron energy, in the second one the backscattering coefficient can
be obtained using the relation n = (/b - Ia)/Ib, where /b and /a are the beam and
absorption current values, respectively.

The Eb dependences of the BSE coefficient and backscattering energy have
maxima, a number of which depends on a number of copper layers and the maxi-
mum position depends on the depth and thickness of these layers (Fig. 1, 2). The
contrast value C = (S - S0)/S0, where S and S0 are the BSE signals obtained
on the structures discussed and silicon substrate, respectively. The left side of the
Eb dependence can be approximately described as El; i.e. it is in good
agreement with the energy dependence of the primary electron pulse relaxation
length [1]. It should be also mentioned that there is the Eb range, where the BSE
signal from the deeper copper layer is higher than from shallower one (Fig. 1b)
which can be very useful for the characterization of multilayer metallization.

On the base of such measurements it is possible to develop non-destructive
methods of characterization of the layer parameters for any particular structure.
As it can be seen from Fig. 1a, this technique allows us to measure the parameters
of the layers with thickness as small as 10 nm. Calibration curves necessary for such
measurements can be obtained from the investigations similar to those illustrated
in Fig. 1 and 2 or by the Monte-Carlo simulation.
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3. Modulated cathodoluminescence

The cathodoluminescence (CL) mode is widely used for material characteri-
zation [6]. For the stuctures with layers parallel to the beam the spatial resolution
of about 60 nm can be achieved in this mode [7]. But for the stuctures with lay-
ers perpendicular to the beam, which are more suitable for the non-destructive
characterization, methods with the improved spatial resolution in depth should be
developed. One of such techniques is discussed in the present section.

In the CL mode a signal from any point of a sample without a correction for
a self-absorption, under low excitation conditions is proportional to:

where p(r) is the minority carrier concentration in the point r, τrr and τnr are the
excess carrier lifetimes determined by the radiative and nonradiative recombina-
tion, respectively. If the values of τrr and τnr are homogeneous inside each layer,
the signal-depth dependence can be obtained from the p(r) distribution. As a rule
this distribution and therefore the CL signal-depth dependence can be described
as a curve with a maximum at some depth. For example, such CL signal distri-
bution takes place in the crystals with small diffusion lengths, where the depth
dependence of the CL signal is very similar to that of electron—hole generation
h(z) which is a curve with a maximum. If the diffusion length is large enough a
maximum in the CL signal-depth dependence can be stipulated by an existence of
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a "dead" layer near the surface associated with an enhanced surface recombination
or with a depletion region formed near the surface due to charging of surface states.
In any case, the position of this maximum depends on the electron-beam energy,
the depth of the maximum increases with increasing Eb [8]. If the CL signal-depth
distribution has a form of a curve with a maximum at some depth it is possible
to separate the CL signals from different layers of a twolayer stucture using the
modulation of the primary electron energy Eb and studying the modulated CL
signal [9].

To illustrate the basic principles of this technique let us assume that Eb is
modulated with frequency ω as Eb = E0(1 + Δ1 sin

ωt) 
and the electron beam

current .Ib is modulated as Ib = I0(1 + Δ2 sinωt), where Δi andΔ 2 are the
modulation amplitudes. In this case the CL signal measured at wavelength λ is
given by

where Aλ is the coefficient determined by the concentration of radiative recombina-
tion centers and by the luminescence efficiency of these centers, B is the coefficient
dependent on geometric factors and on the experimental set-up used and not as-
sociated with luminescence properties. The MCL signal measured at frequency

ω

for the two-layer stucture, assuming that Aλ is constant inside each layer, is:

where t1 is the upper layer thickness, fω is the first-order term of the f harmonic
expansion. A general view of 

fω
 calculated under the assumptions that p(Eb, z) is

proportional to the depth generation distribution h(Eb, z), i.e. that the diffusion
length in the both layers is very small, and that h(Eb, z) can be approximated
by the expression given in [10], is presented in Fig. 3. It is seen that

fω

changes
a sign at some depth z0 depending on E 0, Δ1 and Δ2 values. Therefore, if only
Eb is modulated (Δ2 = 0) it is possible, changing the E0 value, to achieve the
situation when either I1w, or I2w integral is equal to zero, i.e. when the MCL signal
is associated with only one particular layer [9]. This allows us to study the CL
spectra from any of two layers or to obtain the thickness of the upper layer, from
the measurements of the MCL signal dependence on Eb if the MCL spectra are
known. Using the electron-beam intensity modulation provides some additional
possibilities, e.g. I1ω or I 2ωintegrals can be made equal to zero at constant E0
only by choosing the appropriate Δ2 value.

The experiments have been carried out on the twolayer structure consisting
of ZnS single crystal with deposited on it ZnS : Mn layer with a thickness of about
2 μm. To modulate the electron-beam energy an ac voltage was applied to the
sample stage, i.e. Eb = E0(1+

Δ

1 sin ωt), where 

ω

/2π = 340 Hz, E0 max = 30 keV.
The beam current was modulated as .Ib = I0(1 + Δ2 sinωt). The measurements of
the MCL signal were carried out at modulation frequency using a lock-in amplifier.
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The results obtained are presented in Fig. 4. The curve 1 is the CL spectum
obtained without any modulation of the beam intensity and voltage. When using
the energy modulation only at E0 = 30 keV the signal from the ZnS layer (lower
layer) is positive, the signal from the upper one is negative. With decreasing E0
to 27 keV the signal from the upper layer increases up to zero and with further
decreasing of E0 it inverts the sign from negative to positive one. The signal from
the lower layer at all beam energies is positive. This evidences that in our case the
maximum of the p(Eb, z) dependence is in the upper layer at all energies used.
When using both energy and intensity modulation, the intensity modulation being
in antiphase with the energy modulation ( ∆1 > 0, ∆2 < 0) at E0 = 30 keV, it is
possible, choosing the ∆2 value, (see Fig. 3, lower curve) to decrease the Signal from
the lower layer to zero and the MCL spectum obtained under these conditions
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is associated with the upper ZnS : Mn layer (Fig. 4, curve 2). If 02 > 0 it is
possible to compensate the signal from the upper layer (Fig. 3, upper curve) and
to measure the CL spectrum from the lower layer (Fig. 4, curve 3). Our estimations
have shown that for some stuctures this technique allows us to achieve a spatial
resolution in depth in the range of 10-100 nm.

4. Conclusions

The experiments carried out have shown that the methods discussed are very
promising for the non-destuctive characterization of planar multilayer stuctures.
These techniques provide a high spatial resolution in measurements of the depth
distribution of stucture parameters. To use these techniques for measurements
of dimensions and physical properties of multilayer stuctures it is necessary to
develop the methods of the signal computer simulation and depth profile recon-
stuction. The spatial resolution in depth of the both techniques can achieve the
value of about 10 nm.
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