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1 | INTRODUCTION

Krystina Bukvisova® | Keanu Zenz*> | Leo Stoger** |

Abstract

Since semiconductor structures are becoming smaller and smaller, the exami-
nation methods must also take this development into account. Optical methods
have long reached their limits here, but small dimensions are also a challenge
for electron beam techniques, especially when it comes to determining optical
properties. In this paper, electron microscopic methods of investigating opti-
cal properties are discussed. Special attention is given to the physical limits
and how to deal with them. We will cover electron energy loss spectrometry as
well as cathodoluminescence spectrometry. We pay special attention to inelas-
tic delocalisation, radiation damage, the Cerenkov effect, interference effects of
optical excitations and higher diffraction orders on a grating analyser for the
cathodoluminescence signal.
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range is defined by the wavelength of visible and ultravio-
let light, which ranges from approximately 800 to 200 nm.

Modern electron microscopy is more than just the magni-
fied imaging of small structures. Since the electron beam
has sufficient energy, many different processes can be
excited in a sample under investigation. Besides ionisa-
tion, which can be used for chemical quantification using
energy dispersive X-ray spectrometry (EDX) and electron
energy loss spectrometry (EELS), the dielectric proper-
ties in the optical range can also be investigated. Two
techniques are available for this purpose: cathodolumi-
nescence (CL) and valence EELS (VEELS). The optical

Converted into energy, this corresponds to 1.55-6.2 eV.
Since semiconductor design aims for smaller and
smaller structures, analytical techniques have to have an
improved spatial resolution. At first glance, the scanning
transmission electron microscope (STEM) seems to fulfil
these requirements, even if an aberration corrected STEM
is employed. Nevertheless, there are some physical limi-
tations in the inelastic electron-matter interaction which
have to be dealt with. This work describes some impor-
tant limits, such as (i) the inelastic delocalisation based on
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FIGURE 1
possible dark-field position for the EELS measurement. (C) HAADF-STEM image using the Bessel beam of a c-Si/SiO,/Si;N,/SiO,/pc-Si layer
stack of a SONOS transistor. The oxide layer thickness is <3 nm. (D) VEELS spectrum of the lower SiO, layer. (E) Refractive index of the SiO,
layer from employing KKA to the VEELS data in comparison with optical measurements.'

the long-range Coulomb interaction,"? (ii) beam damage,’
which must be avoided to study the pristine sample, (iii)
Cerenkov photons and losses,*” which can occur in the
optical domain, as well as (iv) their interference at the
interfaces of a thin lamella,® and finally (v) diffraction
effects of the optical grating spectrometer’ must be taken
into account in order not to misinterpret the obtained CL
results.

The present work is structured as follows: each of the
topics (i-v) has its own chapter, in which instructive appli-
cation examples are given in addition to the theoretical
description.

1.1 | Inelastic delocalisation
Inelastic delocalisation was first described already by Niels
Bohr in a semiclassical manner.'” Kohl and Rose!' have
used the first Born approximation for calculating the inten-
sity distribution in a plasmon loss image using energy
filtered TEM (EFTEM) and find it being dramatically dif-
ferent from the semiclassical limit especially for short
distances. Due to the fact that modern STEMs have sub-
A probes, this becomes of more concern as the small
probe also suggests high spatial resolution for the EELS
measurement.

In general, the long-range Coulomb interaction of the
swift electron with the sample causes excitations, even if
the electron trajectory passes by the sample, which is called

2500

2000

1500

intensity

1000

500

n (Si02 . Palik) T

"t T (E) |

refractive index

energy (eV)

(A) Creation of a Bessel beam and its beam profile. (B) Ring-shaped diffraction pattern of Si (110). The white circle shows a

‘aloof geometry’ in Ref. (1). The strength of this interac-
tion depends on the distance of the trajectory, which is
called impact parameter b. In a simple picture, the closer
the electron passes by an object, the more energy can
be transferred and used for an inelastic scattering event.
Even though most publications on inelastic delocalisation
deal with aloof geometry, the same picture holds for inter-
nal interfaces with an additional restriction: screening of
charges inside the medium reduces the impact parameter
tremendously. Nonetheless, b # 0 holds in any case.

A way out of this dilemma is to measure under dark-
field conditions.>'*!3 Whereas this can be easily achieved
using energy filtered high-angle annular dark-field STEM
(HAADF-STEM)" by employing an in-column filter, with
postcolumn energy filters this cannot be done. For this pur-
pose, using a Bessel beam was suggested.'® Since a Bessel
beam can be created by using a ring-shaped condenser
aperture (see Figure 1A), which itself is in a conjugate
plane with respect to the back focal plane of the objective
lens, a ring-shaped diffraction pattern is projected onto the
spectrometer entrance aperture.

Figure 1 shows an example of employing a Bessel
beam to a SONOS transistor layer stack. The oxide lay-
ers inside the transistor gate have thicknesses below 3 nm
and are sandwiching a nitride layer of 9 nm thickness.
When the spectrometer entrance aperture is located on a
dark-field position in the ring-shaped diffraction pattern
(Figure 1B) then the VEELS spectrum (Figure 1D) can be
recorded without being influenced by the neighbouring

85U801 SUOLIIOD BAIE8.D 3|t jdde aup Aq peusenob afe ss[oiLe O @SN JO S9Nl 1o} Aeiqi8uljuO /8|1 UO (SUONIPUOD-pUe-SWB) W00 A8 | Im Areiq Ut |uo//Sdiy) SUORIpUOD pue swie 1 8y} 88s *[£202/TT/ET] Uo Akidiauluo A8|im ‘(ouleAnde) aqnopesy Ad ZyzeT IWITTTT 0T/I0p/Woo A3 (1M Akelq1|pul|uoy//Sdny Wwolj pepeojumod ‘0 ‘8T8ZS9ET



STOGER-POLLACH ET AL.

Journal of

L3N] | 3

Microscopy

HAADF @ 60 keV panchromatic image @ 60 keV

2000 1
———————

FIGURE 2

layers. Without Bessel beams, the neighbouring layers
would emit into the spectrometer entrance aperture.
Finally, the VEELS data can be used for Kramers-Kronig
analysis (KKA) in order to retrieve the refractive index
(Figure 1E) and all other optical properties.'

1.2 | Beam damage

Another critical parameter beside the spatial resolution
is the avoidance of beam damage. Since damage alters
the optical behaviour of matter, its avoidance is of highest
importance. There are two damage mechanisms classified.
One of those is the knock-on damage, which increases
with increasing beam energy and the other one is radiol-
ysis, which increases with decreasing beam energy. This
means that the two mechanisms are opposed. For the
improvement of the one, one buys a deterioration of the
other. For semiconductors, the knock-on mechanism is
the more critical, while for biological samples, radiolysis
is more important. ‘Knock-on’ damage does not automat-
ically mean that atoms are knocked out of the sample. It
is also sufficient if atoms are displaced in the crystal lat-
tice and migrate to interstitial sites. Thus, point defects
are created. They influence the electronic structure of the
material and thus its optical properties.

In the case of GaN, fast electrons can create a multi-
tude of such point defects. The damage threshold is around
70 keV." If the optical behaviour is then to be determined
by means of cathodoluminescence, the damaged areas of
the sample remain dark. Figure 2 shows a GaN lamella that
has been examined with 60 keV electrons before two EDX
linescans with 200 keV electrons are performed. After-
wards, the light emission at 60 keV was again measured

(A) 60 keV HAADF image of an AlGaN/GaN lamella on Silicon. (B) Panchromatic CL image showing the positions of the
two line EDX linescans performed at 200 keV beam energy as dark lines.

using CL. The two linescans are clearly visible, whereby
the right linescan only had an exposure time of 100 ms
per measuring point, while the left scan was recorded with
2000 ms per measuring point.

1.3 | The Cerenkov effect

The Cerenkov effect occurs when fast charges pass through
matter at a speed greater than the phase velocity of light
in matter. It is common knowledge from classical physics
that accelerated charged particles emit electron magnetic
waves and that these waves form spherical wave fronts in
accordance with Huygens’ principle, which travel at the
phase velocity of the medium ¢, = c¢/n (with n being the
refractive index of the medium). When a charge carrier
passes through a medium, the particles of the medium
polarise around it in response. Hence, if v,_ > cy/n is ful-
filled, light is emitted. This limit is called the Cerenkov
limit. Employing 200 kV acceleration voltage in the STEM,
the speed of the electrons is 69.5% of the vacuum speed
of light. Consequently, the Cerenkov effect occurs as soon
as the refractive index of the medium is larger than 1.439
and the absorption coefficient is close to zero. Simultane-
ously with the emission of Cerenkov photons, the electrons
responsible for the emission lose energy.

The energy losses are then in the optical range, since
photons of the optical light spectrum are generated. As a
result, intensities occur in the optical range of the energy
loss spectrum that do not depend on the material prop-
erties, but merely on the fact that the probe electrons
were faster than the phase velocity of light. Although
iterative methods exist to mathematically remove these
Cerenkov losses in the EELS spectrum, it is advantageous
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FIGURE 3 VEELS spectra after removal of the ZLP of (A) Si, (B) GaAs and (C) GaP using various beam energies using a
nonmonochromated TECNAI TEM. The dot (+) denotes the onset of the inelastic signal. Below the Cerenkov limit, there is no further change

of the onset. Redrawn after Ref. (5).

TABLE 1 Refractive indices, direct (d) and indirect (i)
bandgaps, Cerenkov limits, and damage threshold for knock-on
damage of various semiconductors.

Cerenkov  Damage
limit threshold
n (VIS) Bandgap (eV) (keV) (keV)
Si 3.98 112(0)/34(d) 130 200"
GaAs 3.94 1.4 (d) 21° 270"
GaP  3.38 22(i)/3.03(d) 30° 70"
GaN 24 3.4 (d) 541 71

to avoid them in the first place. As can be seen in Table 1,
the Cerenkov limit is in general much lower than the
knock-on damage threshold. Therefore, working below the
Cerenkov limit automatically means working below the
damage threshold, too.

If the VEELS experiment is done utilising beam ener-
gies above the Cerenkov limit, the low loss spectrum is
altered (as shown in Figure 3). Optical properties cannot
be calculated correctly employing KKA except of using an
iterative routine as described in an earlier work.”’ Even
band gap measurements cannot be performed. The onset
of the inelastic signal varies with beam energy” and sample
thickness.*

1.4 |
region

Interference effects in the optical

When light is excited inside the specimen - might it
be by the de-excitation of an electron falling from the

excited conduction state into an hole in the valence band
or might it be because of the prior discussed Cerenkov
effect - interference can occur if the thickness of the sam-
ple is a multiple of half the emitted photon wavelength
divided by the respective refractive index of the material
(compare Figure 4A). In the case of incoherently emitted
photons, which are the ones being related to a de-excitation
process, the probability is rather low, since sample thick-
ness and wavelength must fit together. This is rarely the
case. In contrast, the coherently emitted photons stem-
ming from the Cerenkov effect show up in a continuous
spectrum, thus it is very likely that the sample thickness
fits to one of the wave lengths of the Cerenkov spectrum.
Hence, interference appears in a prominent manner (see
Figure 4B - experiment). Using Yamamoto’s equation,?!
the interference in the CL spectrum can be calculated (see
Figure 4B - simulation). The corresponding theory for
EELS was developed earlier and can be found in Kroger’s
main research work.?? Figure 4B and 4 shows an impres-
sive example of interference of the Cerenkov light as well
in CL asin EELS with dependence to the sample thickness.

When light is excited inside a medium, it might be par-
tially reflected at the inner sample surfaces, thus being
guided for a short distance before being able to leave. Since
it is only partial inner reflection, destructive and construc-
tive interference is the consequence, depending on the
difference of the path length. The same can be observed
in the VEELS spectrum: light guiding modes evolve with
sample thickness from a single one to a series of minima
and maxima within an energy range starting at the opti-
cal gap of 1.12 eV (vertical line in Figure 4C) up to 4.2 eV,
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(A) Schematics of interference of light inside a specimen. (B) Measured and simulated interference pattern of Cerenkov light

in Silicon excited with 200 keV electrons with respect to the sample thickness (y-axis). (C) VEELS spectra of 200 keV electron when passing

through Silicon using a monochromated TEM. For better visibility, the spectra are shifted to the respective sample thickness denoted on the

y-axis.

where the light is completely absorbed within the thin Sil-
icon slab. The interference pattern might be utilised for
the determination of the wavelength dependent refractive
index, but has a limited accuracy. VEELS without showing
the Cerenkov effect is preferable.

1.5 | Higher-order diffraction in the
analysing grid for CL spectroscopy

When analysing light, optical spectrometers are utilised.
The can either use a prism or a grating as analysing object.
When a prism is used, the disadvantage of a nonlinear
spectrum and self-absorption of the optical element has to
be taken into account. On the other hand, a grating has
the disadvantage of having multiple diffraction maxima,
each showing a dispersion of the reflected (or transmitted)
light. In order to optimise the reflection grating, blaz-
ing was introduced, which is a slight tilt of each mirror
plane within a periodic arrangement. With this set-up, the
brightest diffraction order can be the first or the second
order of diffraction, other orders are suppressed more or
less efficiently and also the white zero order of diffrac-
tion is weak in terms of intensity. But higher orders are
overlapping with the main diffraction order of the respec-

tive grating. In the used experimental set-up, the grating
is blazed for the first order and has a blazing wavelength
of 500 nm. This means that light having a wavelength of
500 nm is only diffracted into the first order and any multi-
ples of it are totally suppressed. Light having a wavelength
of (500 + 8) nm is not fully diffracted into the first order and
thus contributes to a measured intensity at n-fold values of
the original channel of measurement.”®

Consequently, higher-order diffraction maxima have to
be subtracted from a spectrum, if a false interpretation
should be avoided. The envelope function on Figure 5A-D
is a sinc? function. Its width and position depend on the
incoming monochromatic light. In the case a polychro-
matic light the reflection efficiency 7,,(1) can be described
as

N (1) = sinc? <% - m) ,

where m is the order of diffraction. Consequently, the
overall measured spectrum can be written as

I(A)= RA) e D . DQE (1) -

: A
(mzzllm (A) - sinc? <TB - m>> ,
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FIGURE 5 Spectral shapes of monochromatic reflected by a blazed grating optimised for 500 nm wavelength. The x-axis is the
wavelength but can be understood as the position where the reflected and diffracted light hits the detector. Thus, (A) light of 380 nm can be
also found at the position of 760 nm, (B) light of 500 nm can only be found at the position of 500 nm, (C) light of 740 nm is also detected at
1480 nm and (D) light of 920 nm has no second maximum in the accessible range. A sketch of the grating is shown in (E) and (F) gives the
correction functions for second- and third-order diffraction.

where R(A) is the reflection coefficient of the mirrors in
the spectrometer set-up, [ is the length of the optical light
guides leading the light from the sample to the spectrom-
eter and DQE(A) is the detection quantum efficiency of
the detector and the last factor containing the sum is the
original spectrum up to the third order of refraction. I,,
denotes the intensity in the mth order. Higher orders are
not accessible with our system. Hence, higher-order refrac-
tion has to be considered prior to any correction for the
system components, such as the optical fibres and the CCD
detector.

The correction has to take into account the intensity _ _
ratio between the first and mth diffraction order. Thus, a 0 ; i i ; ;

. . . 400 500 600 700 800 900
correction function f,,, can be defined
energy loss (eV)
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-
wn
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FIGURE 6 CL spectrum of GaN: bottom - raw data, centre —

. A
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after correction for higher orders and spectrometer response, and

. A ’
sinc2 (—B - )
2

where the denominator is the efficiency for the first-order
diffraction and the counter is the one for the mth order. In

fm =
top — correction only for the spectrometer response, ignoring higher
order of refraction.

Figure 5F, the correction functions for m =2 and m = 3 are
shown.

Employing the correction functions eliminates higher-
order refraction as shown in Figure 6. There the CL

spectrum of GaN is shown as recorded (bottom), being cor-
rected by the standard routine (top). Both of these spectra
show a prominent peak at 740 nm, which would lead to
an interpretation that the investigated GaN sample has a
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strong red emission band in the band gap. When applying
the correction function, this spurious signal is eliminated.

2 | CONCLUSION

In the present review, we described several aspects of the
investigations of optical properties of semiconductors by
employing electron beam techniques. We showed that the
spatial resolution is limited by the inelastic delocalisation,
which can be overcome, when working under dark-field
conditions. This can be achieved by using a Bessel beam
illumination, conical dark-field or energy filtered dark-
field STEM. Another advantage of dark-field conditions is
that Cerenkov losses are not detected. When using CL, the
Cerenkov effect has to be avoided, since strong interference
effects might appear. By the reduction of the beam energy,
this effect can totally be suppressed and beam damage is
avoided additionally.

Finally, we discussed the correct interpretation of CL
spectra under consideration of the diffraction effects in
the analysing grating. We demonstrated that higher-order
refraction of the analysing grating has to be consid-
ered during the correction routine for the spectrometer
response.
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