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Abstract

Cherenkov radiation and transition radiation, which
are generated by high energy electrons with constant
velocity, can be detected in a transmission electron
microscope using a cathodoluminescence (CL) detection
system. The characteristic peaks due to interference
were observed in the emission spectra from thin films of
mica, silicon and silver, and their dependence on sample
thickness and accelerating voltage was studied. Particles
of BaTiO3 and MgO also showed characteristic feature
in the spectra which changed with their size. A recently
developed imaging system revealed the two-dimensional
intensity distribution of these radiations; for example,
oscillating contrast, such as equal thickness contour
appears in silicon, and hole edges in a silver thin film
show bright fringe contrast due to radiative surface
plasmon.
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Introduction

It is known that a charged particle can emit light
when it moves in transparent medium with a velocity
larger than the phase velocity of light; this is called
Cherenkov radiation. There is another type of radiation
which is generated when a charged particle passes
through a boundary between two media with different di-
electric constants, which is called transition radiation.
Recently, these radiations were detected in transmission
electron microscopy (TEM) by a light detection system
originally developed for cathodoluminescence (CL) [6].

Specimen thicknesses used for TEM observation are
usually less than 1 um which is comparable with the
wavelength of visible light. Some characteristic features
are seen in the emission spectra of these radiations due
to interference effect, for example, intensity oscillation
against wavelength appears in the spectra from dielectric
and semiconductor thin films, which depends on speci-
men thickness and accelerating voltage [5, 7]. In the
case of metal thin film, transition radiation is predomi-
nant. In addition, the radiative mode of the surface
plasmon, called the Ferrell mode, gives rise to a sharp
peak in an emission spectrum as a part of the transition
radiation field. Such a peak was observed for a silver
thin film at the wavelength corresponding to the plasma
frequency, and was found to be sensitive to the mor-
phology of the films.

Recently, we have developed an imaging system us-
ing the collected light signal, which visualizes the two-
dimensional intensity distribution of the radiation. In
this paper, we show characteristic features in the emis-
sion spectra from thin films of mica and silicon, and
monochromatic images of the specimens using emission
signal of specific wavelengths. Particles of MgO and
BaTiO; were also studied by this technique.

Emission From Mica Films
Cherenkov radiation generated in a thick medium

has the following characteristic properties: (1) threshold
of the velocity of electrons or accelerating voltage for its
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Figure 1. Forward (a), and backward (b) emission
spectra from a mica thin film taken at 200 kV.

generation, v > c/n, where n is the refractive index of
the material; (2) emission angle is given by 6 =
cos !(1/nB) which is less than 90°; (3) spectral shape
shows wavelength dependence of A2; and (4) intensity
is proportional to film thickness. Figures 1la and 1b
show observed spectra from a mica film taken at the ac-
celerating voltage of 200 kV. An ellipsoidal mirror is
used for light collection, which can be set below or
above the specimen in TEM in order to detect forward
and backward emission. The spectra in Figures 1a and
1b correspond to the forward and backward emission,
respectively. The intensity of the forward emission is
stronger than that of the backward one by a factor of
100. The decrease in intensity in the short wavelength
range below 300 nm is due to detection deficiency of the
system. The forward emission in Figure la has the
properties of Cherenkov radiation mentioned above.
The backward emission shows a set of peaks in the spec-
trum of Figure 1b, and their positions change with accel-
erating voltage and film thickness. The peak wavelength
A, of the m-th order is approximately given by the
following relation:

(@/B) (1 + fn cosd’) = (m + 1/2)\,, (1)

where d is thickness of a specimen; § = v/c (v is the
velocity of electron); n is the refractive index, n =1.59
for mica; and 6’, the emission angle inside the specimen.
The observed spectra can be reproduced well by the cal-
culation using the formula derived by Ritchie and
Eldridge [4], and Pafomov and Frank [2]. The film
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thickness can be determined to be 1.20 um with an accu-
racy of less than 10 nm. It is not easy to distinguish
between Cherenkov radiation and transition radiation in
the backward emission spectrum, but it can be said that
the contribution of transition radiation is dominant when
the accelerating voltage is less than the threshold value,
146 kV for mica.

Figure 2a shows a transmission electron micrograph
of a mica thin film. Several surface steps are seen as
parallel lines, and broad dark line contrasts across the
steps are bend contours. Figures 2b and 2c are emission
spectra taken with an electron beam probe located at
points marked A and B in Figure 2a. The accelerating
voltage is 200 kV and the ellipsoidal mirror for light
collection is set above the specimen. By comparing with
calculated spectra, the thicknesses at A and B are found
to be 950 nm and 1000 nm, respectively. At the wave-
length of 340 nm, the spectrum has a minimum (in Fig.
2b) and a maximum (in Fig. 2c¢); while at 350 nm, the
situation is reversed. Figures 2d, 2e and 2f show mono-
chromatic images of the same area as in Figure 2a,
taken at the wavelength of 340 nm, 350 nm, and 550
nm, respectively. The terraces are recognized easily
since they have different contrasts: the terrace of A is
dark (in Fig. 2d) and bright (in Fig. 2e), while the ter-
race of B is bright (in Fig. 2d) and dark (in Fig. 2e). It
is found from the calculation that the emission intensity
at any wavelength change sinusoidally with increasing
thickness, and the period is proportional to the wave-
length as expected from the above equation.

Emission From Silicon Films

Figure 3a shows a (220) dark field TEM image of
a silicon thin film in the (111) orientation taken at 200
kV where equal thickness contours are seen. The emis-
sion spectrum shown in Figure 3b is for backward emis-
sion taken from a flat region of constant thickness. Sili-
con absorbs light in the visible region, and then the re-
fractive index is complex, n = n + ik; the absorption
coefficient k is large in the short wavelength region and
is small for wavelength longer than 500 nm. A set of
peaks appear in the longer wavelength region, which are
generated by interference between transition radiations
generated at top and bottom surfaces. Then, the spectral
shape in this region changes with specimen thickness and
accelerating voltage. On the other hand, the spectral
shape in the short wavelength region (below 400 nm)
does not depend on those parameters, which is the same
as the spectrum from a single boundary between vacuum
and a bulk silicon crystal. The two peaks are seen at
about 280 nm and 360 nm, which correspond to the
peaks in the dielectric function of the imaginary part,
and are due to the interband transition between the elec-
tronic states. The emission does not have the character
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Figure 2. (a) A transmission electron micrograph of thin mica film; (b) and (c) backward emission spectra from the
position marked A and B in (a). Monochromatic images of (d) to (f) were taken at the wavelengths of 340 nm, 350
nm, and 550 nm, respectively.
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Figure 3. (a) a dark field transmission electron micrograph of Si thin film; (b) a backward emission spectrum from
a flat region; and (c) to (f) monochromatic images taken at the wavelengths of 360 nm, 550 nm, 650 nm, and 700 nm,
respectively.
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of Cherenkov radiation; the intensity is nearly the same
for the forward and backward emissions, and does not
change with increasing thickness. This is because
Cherenkov radiation generated in the specimen is totally
reflected by the surfaces because of the large refractive
index. Figures 3c to 3f are monochromatic images of
the same area as in Figure 3a taken at the wavelengths
of 300 nm, 550 nm, 650 nm, and 700 nm, respectively.
In Figure 3c, it is seen that a bright contrast appears
near the edge and almost uniform contrast arises inside
the crystal although the specimen thickness increases
there. This feature is in good agreement with the calcu-
lated intensity profile shown in Figure 4. However,
dark and bright bands are seen in the thicker region as
indicated by arrows. These contrasts are not expected
from the calculation based on the plate shape specimen
at normal incidence. The origin of these contrasts is not
clear yet. In Figure 3d, fringe contrasts parallel to the
edge are seen corresponding to the equal thickness con-
tour in Figure 3a. The period of the fringes depends on
the wavelength of the emission; it increases linearly with
the wavelength as seen from Figures 3d to 3f. This fea-
ture is well reproduced in the calculated profiles in
Figure 4.

Emission From Silver Films

The emissions from metal thin films with thickness
less than 100 nm were studied, especially for silver thin
films. Transition radiation is dominant in those emis-
sions rather than Cherenkov radiation. The dielectric
function of aluminum is a monotonously increasing func-
tion of wavelength with a large plasma frequency (fzwp
= 15 eV), and so the observed emission spectrum from
an aluminum film has a simple shape in the optical re-
gion, i.e., the intensity monotonously decreases with
wavelength. On the other hand, the plasma frequency
is small for silver, and the dielectric function of silver
has a complicated feature in the optical region. In the
backward emission spectrum from a 50 nm thick film of
silver, as shown in Figure 5a, a sharp peak is seen to
appear at the wavelength of 330 nm which corresponds
to the volume plasmon frequency of Aw, = 3.78 eV.
This peak was not observed in the forward emission,
and even in the backward emission, the peak disap-
peared for the films thicker than 100 nm. The existence
of the peak is due to the radiative mode of surface plas-
mon which was first predicted by Ferrell, so is called
"Ferrell mode" [3]. In the emission spectra from an in-
homogeneous film containing holes and grains, the peak
is immersed in the broad peak with a peak wavelength
around 420 nm as shown in Figure 5b. The increment
of this broad peak from Figure 5a to 5b is considered to
be due to non-radiative mode of surface plasmon which
can emits light through surface roughness [1].
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Figure 4. Profiles of emission intensity versus thickness
calculated for the wavelengths of (a) 360 nm; (b) 550
nm; and (¢) 700 nm.
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Figure 5. Backward emission spectra from silver thin
films of 50 nm thickness taken at 200 kV: (a) a single
crystal film; and (b) a film containing holes and slightly
misoriented grains.

Monochromatic images using these radiations are
shown in Figure 6 where Figure 6a is a scanning elec-
tron micrograph of a silver film (50 nm in thickness)
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Figure 6. (a) A scanning electron micrograph of the
specimen containing holes and grains (Fig. 5b); and (b)
and (¢) monochromatic images taken at the wavelengths
of 330 nm and 420 nm, respectively.
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having holes, and Figures 6b and 6¢ are monochromatic
images of the same area taken at 330 nm and 420 nm,
respectively. It is seen in Figure 6b that a characteristic
bright fringe contrast appears along the edges of the
holes, and a rather uniform contrast appears in the inside
region apart from the edges, while in Figure 6c, in-
homogeneous contrasts are seen to arise both in the in-
side region and near the hole edges. The latter contrast
is considered to reveal the roughness of the film. The
resolution of the monochromatic image is about 50 nm
as estimated from the image of Figure 6b. The resolu-
tion depends on wavelength; the resolution in Figure 6b
is slightly better than that in Figure 6¢. This is consid-
ered to be due to difference in life-time for the radiative
and non-radiative surface plasmon modes.

Emission From Particles

Emission spectra from particles of BaTiO; and MgO
were studied. A BaTiOj plate shows a broad peak near
400 nm and rapid decrease below 400 nm due to absorp-
tion. A particle of BaTiO3 with spherical shape shows
a similar spectrum with a rather sharp peak, and the
peak position moves to short wavelength as a particle
size becomes small from 3 ym to 60 nm. A set of
peaks due to interference were observed for a particle of
diameter around 1 pm.

Figure 7a shows a transmission electron micrograph
of a MgO smoke crystal of cube shape in the [100] ori-
entation, and Figures 7b and 7c are forward emission
spectra from the crystal taken at 200 kV with the elec-
tron beam of a probe size of 0.1 um located at places
marked by white circles 1 and 2 in Figure 7a, respec-
tively. It is found that (as seen in Figs. 7b and 7c) the
spectral shape changes remarkably when the beam posi-
tion shifts on the specimen. The spectrum of Figure 7b
has a shape similar to that of mica in Figure 1a, which
has a character of Cherenkov radiation. While in the
spectrum of Figure 7c, many peaks appears. The peak
position changes with particle size, then their appearance
is mainly due to interference effect. A backward emis-
sion spectrum was also observed in which those peaks
are less intense. Very few theoretical works for the
radiation from particles has been done so far. The
radiation generated by electrons passing near the side
surface of the cube should contain Smith-Purcell radia-
tion, and so the interpretation may become more compli-
cated.
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Figure 7. (a) Transmission electron micrograph of a MgO smoke crystal in the [001] orientation; and (b) and (c)
forward emission spectra taken with an electron beam located at the positions marked by white circles 1 and 2 in (a).
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Discussion with Reviewers

R.H. Ritchie: Can you please furnish more detail about
experimental parameters? For example, what is the
solid angle subtended by the spectrometer and at what
angle was it placed in the experiments reported?
Authors: In our light detection system, an ellipsoidal
mirror is used for collecting light emitted from a speci-
men in a transmission electron microscope. The emitted
light is guided outside the TEM through a window and
a polarizer, and focused at the spectrometer slit by a
concave mirror. The arrangement of the ellipsoidal mir-
ror in TEM is illustrated in Figure 8. The solid angle
subtended by the mirror is about 56 % of the total solid
angle of hemisphere. Then the observed emission spec-
tra are integrated ones over this solid angle, and for the
calculation of emission spectra such integration over the
subtended solid angle was performed. The electron
beam current usually used is of the order of 10 nA with
a beam diameter of about 10 nm.
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Figure 8. Arrangement for the ellipsoidal mirror.

R.H. Ritchie: The authors suggest that Smith-Purcell
radiation should be contained in the radiation field emit-
ted in the passage of fast electrons parallel to the side
surfaces of MgO cubes thus complicating the interpreta-
tion of the observations. It should be noted that such
radiation from the crystal structure of the cubes is ex-
pected to lie in the X-ray region, with wavelengths of
the order of the crystal spacing, and thus should not in-
terfere with the Cherenkov or transition radiation fields.
Authors: The wavelength of Smith-Purcell radiation is
given as A = {D(1/f - cosf)} where D is a grating peri-
od along an electron path and 6 an emission angle. If D
is regarded as a period of surface steps in the side sur-
face, having a magnitude of an order of 0.1 um, the ra-
diation can arise in the optical region. However, in the
case of the MgO cubic crystal, the intensity of this ra-
diation is expected to be weak, since the number of steps
is very small if they exist, and the material is not metal.
Another contribution to the emission is also considered,
that is a radiation produced by a lateral acceleration of
electrons by the potential of the cube edge, though it
might have a wavelength in the ultra-violet (UV) region.
A major factor to change in spectral shape in Figure 7
is considered to be the interference effect inside the
cube. However, the emission generated at the position
2 in Figure 7 near the side surface is not the same as
that generated at the position 1; in the latter case the
emission is similar to that of a plate-shaped specimen.
This also makes it difficult to interpret the result.
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R. Vincent: A threshold of 146 kV is quoted for the
emission of transition radiation from mica; how was this
calculated?

Authors: This value is the threshold accelerating
voltage of Cherenkov radiation for mica, which can be
generated under the condition that v > c¢/n or fn > 1,
where n is the refractive index. Then, the threshold
voltage Vg is readily given by the following equation:

eV = me? {(1-65712 - 1)

with 8 = 1/n and mc? = 511 keV. Below the threshold
voltage, the contribution of Cherenkov radiation rapidly
decreases, and that of the transition radiation becomes
dominant.

R. Vincent: In Figure 6b, the distribution of light
emitted around the edges of holes is evidently asymmet-
ric. Is this an artifact of the CL detection optics?
Authors: Yes. The angular distribution of the light
collection by the ellipsoidal mirror does not have an
axial symmetry about the electron incident direction, as
seen in Figure 8 (arrangement of the mirror). This
gives such asymmetry in the fringe contrast along the
edge of the hole where the angular distribution of the
emission has a special directionality.

R. Vincent: More generally, do the authors envisage
any immediate application of their observations for
microanalysis of metallic specimens?

Authors: The method mentioned here uses Cherenkov
radiation and transition radiation, both of which depend
on the dielectric constant of material. Thus, this method
may become important in investigating the local dielec-
tric properties of inhomogeneous materials with a high
spatial resolution. At present, we are applying this
method to visualize a localized silicon oxide thin film on
a silicon substrate and metal islands on semiconductor
substrates. There should be many other applications of
this method; the observation of the microstructures in
metals and alloys is also an interesting application.
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