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Chapter 1. Introduction

The precise measurement of sample thickness is very important for material analysis because the information '
of sample thickness makes quantitative analysis possible. From the quantitative analysis, we can predict the
material properties such as mechanical and electrical property. For example, since precipitates like the phase of
7' in aluminum alloy or dispersoids such as carbide in magnesium alloy disturb the dislocation moving, the
density of precipitate and dispersoid is related to their strength, which is the main property on these materials.
Another case, the density of dislocation, which exists in semiconductor, influences their electrical property,
namely electron mobility and lifetime of carriers. So a number of workers have investigated energy levels
associated with dislocation in deformed silicon. The thickness is also an essential parameter in correcting for the
absorption and fluorescence of characteristic X -ray.

Although there are several methods available for thickness measurement with a transmission eleciron
microscope (TEM), such as the convergent beam electron diffraction (CBED) method and the contamination
method, each has its own limitation in accuracy and applicability. For example, the CBED method is only
applicable to a specimen with good crystallinity, and the contamination method generally has a low accuracy.

Electron eneigy-loss spectrometer (EELS) and electron holography were developed as new techniques of
thickness measurement. Comparing with the existing methods, they have some advantage on the thickness
measurement such as application to not only a crystalline but also an amorphous materials and measurement of
ultra-fine area. To measure thickness, however, mean free path (1;) and mean inner potential(Uy) is required for
using EELS and electron holography. In this paper, accuracy of EELS and electron holography and the influence
factors on thickness measurement by these methods were investigated by using an amorphous SiO, and a
crystalline Si.

Chapter 2. Experimental techniques

Electron holograms were collected with a JEM-3000F TEM, which is equipped with a field-emission gun
(FEG) and a biprism, being operated at 300 kV. The voltage of the biprism was changed from 20V to 30V for
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measurement of visibility. For estimate of mean inner potentials of Si and SiO-, the voltage of the biprism was set
to be 40 V and 30 V. The holograms were recorded in films at 150K magnifications and enlarged to 8 times after
digitizing the data through the film scanner (Nikon ; LS-3510AF).

Electron energy-loss spectra were measured by a JEM-3000F TEM equipped with a Gatan PEELS system
{model 676) and a JEM-2010EF TEM attached with a Q-type energy filtering system being operated at 100, 200
and 300 kV, respectively. Ap was measured with collection angles between 1.6 and 23.4 mrad, under the
condition of no objective aperture (157 mrad) at accelerating voltage of 200 kV. The intensity of electron
energy-loss spectra was precisely measured using the imaging plate system (FDL-UR-V)

Chapter 3. Measurement of visibility and charging on SiO; particle

The effects of biprism voltage and illumination angle on visibility and spak:ing of interference fringe were
estimated and discussed. The visibility of interference tringes is estimated to be between 0.5 and 0.02 under the
condition that biprism voltage has values between 20 — 90V as shown in Fig. 1. It is found that increase of
biprism voltage leads to decrease the visibility of interference fringes. Also, in order to obtain good fringe
visibility, larger illumination angle i.e., enough wide beam is necessary to take a hologram.

Also, the electric charge in amorphous SiO, particle is evaluated quantitatively. Figure 2 shows a hologram of
a SiO; particle on the carbon grid (a), diffractogram (b) and reconstruction  image, which phase is amplified by 10
times. Under the condition of no objective aperture and current density at 5.0 pA/em’, amount of charging on
SiO, particles are estimated to be 9.94 x 10" C and this charge is equal to the net loss of about 620 electrons
emitted from SiO; particle since the elementary electric charge is 1.6 X 10” ¢. Regardless of the change of an
incident electron intensity in the range of 0.3 — 5.0 pA/cm’, the amount of the electric charge in a SiO, particle
decreases by 30 ~ 40 % with inserting objective aperture and this decrease of electric charging is possible to be
neutralized by secondary electrons and back scattering electrons generated from objective aperture. The amount
of the electric charge in a SiO, particle increases with the increase of incident electron intensity for both

conditions of with and without an objective aperture.
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Fig.1. Dependence of interference fringe Fig.2. (a) Electron hologram of amorphous SiO, on the carbon
visibility on biprism voltage for microgrid. (b) FFT of the rectangular part in (a). (¢) 10-times
JEM-3000F at 300 kV. . , phase-amplified contour map on the rectangular part in (a)

Chapter 4. Thickness measurement of amorphous SiO; by electron holography and EELS
Through the estimation of mean free path (4,) for inelastic scattered electron and mean inner potential (Ug) of
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an amorphous SiO», accuracy of thickness measurement by EELS and electron holography on amorphous SiO,
particles is estimated and discussed. From EELS, the mean free path (4,) of an amorphous SiO, was estimated to
be 1784 nm under the condition of no objective aperture at 200 kV. Under no objective aperture condition,
which means that collection angle is 157 mrad, A, for inelastic scatiered electron of amorphous SiO; was found
to decrease with the decreasing of accelerating voltage (i.e., 4 =100 £ 2nmat 100kV, 4, =178 * 4nmat
200 kV and 4, = 247 £ 4 nm at 300 kV) as shown in Fig. 3 (a). On the effect of collection angle on 4,, it is
 found that Ap increases rapidly with the decreasing of collection angles from 18.5 mrad to 1.6 mrad, whereas
there are no changes above 18.5 mrad at 200 kV as shown in Fig. 3 (b). Considering the oretical background, the

minimum thickness that could be measured using EELS at 300 kV was found to be about 30 nm for amorphous
Si0s.
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Fig. 3 The effect of accelerating voltage (2) and collection angle (b) on the mean free path of amorphous SiO..

Figure 4 shows a hologram of a part of amorphous
Si0O, particle. As indicated by arrows in Fig. 4, the
phase shift of the interference fringes was clearly
observed around the particle surface. From the
hologram, the mean inner potential (Uy) of amorphous
S5i0, was evaluated to be 11503 V. If it is
considered that the accuracy in the analysis of
holograms was evaluated to be Z0.06r, the minimum
thickness that could be measured using electron
holography at 300 kV was found to be less than 6 nm
for amorphous SiOs. The accurate thickness
measurement in a thinner region is more possible for
electron holography than EELS in amorphous SiO».

Fig. 4 A hologram of a part of SiO; particle.

Chapter 5 Thickness measurement of single crystal Si by electron holography and EELS

For crystalline Si, mean free path (4,) and mean inner potential (Up) of a crystalline Si are estimated and the
accuracy of electron holography and EELS on thickness measurement is discussed. The mean free path (4,) of a
crystalline Si was estimated to be 147225 nm under the condition of no objective aperture at 200 kV by using
EELS. Under no objective aperture condition (collection angle is 157 mrad), A, for inelastic scattered electron of
a crystalline Si was found to decrease with the decreasing of accelerating voltage (i.e., 4, =97 = 3 nm at 100
kV, A4, =147 £ 5 nmat 200kV and A, =180 = 6 nm at 300 kV). 1, increases rapidly with the decreasing of
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collection angles from 2.1 mrad to 23.4 mrad, whereas there is no change above 23.4 mrad at 200 kV. The
minimum thickness that could be measured using EELS at 300 kV was found to be about 18 nm for a crystalline
Si. Additionally, in case of crystalline Si, it is noted that beam direction affect to mean free path under small

collection angle.
260 e Figure 5 shows effect of beam direction on A,. There
240 | ——Axial condition ) is no significant difference of A, between axial and
. 1, ::fg)?;f;;[";"&‘;}f:;‘ non-axial conditions without objective aperture (large
E 20 | oo tiomaccinl comation. | | collection angle). However, in small collection angle
£200} #l region, the different values of A, between axial and
e | non-axial condition become larger. The reason can be
2 ¥ explained as follow. Some elastically scattered electrons
g 180} oy 1 are present apart from the origin as change fiom
S 140 . | non-axial condition to axial condition, whereas in
v f elastically scattered electrons are still mostly present
1201 1 around the origin. Th enif th e incident beam
1 T S S S direction ch anges from axial condition to
0 20 4D 60 80 100 120 140 160

non-axial condition, the dynamieal diffraction
] o effect becomes  insignificant, th rough some
Fig. 5. The effect of beam direction on themean  fraction of th e transmitted beam will ch ange

free path () of crystalline Si. from Bragg reflections concentrate in origin. The
distribution of inelastically scattered electrons can be also modified by the dynamical diffraction effect, but the
modulation will be much smaller than the case of elastic scattering. As a result, the intensity ratio of elastic and
inelastic scattering is modified and hesice the parameter In(l/Z;) will be increased when a small objective
aperture is inserted around the transmitted beam. Therefore, beam direction must be considered at thickness
measurement by using EELS in crystalline materials.

Collection angle

The mean inner potential (Up) of a crystalline Si was evaluated to be 10.8 £0.7 V by using electron
holography. Comparing a calculated value, the experimental data has difference of about 30%, and it is found that
the reason of the deviation is due to the dynamical diffraction effect, the accuracy in measuring holograms, and
the limitation of non-binding approximation for calculation.

Chapter 6 Conclusions

(1) The visibility of interference fringes is estimated to be between 0.5 and 0.02 under the condition that
biprism voltage has values between 20 — 90V. Under the condition of no objective aperture and current density at
5.0 pA/cm?, amount of charging on SiO, particles are estimated to be 1.403 x 1 0% C and this charge is equal to
the net loss of about 880 electrons emitted from SiO; particle since the elementary electric charge is 1.6 X 10™° C.

(2) From EELS, the mean free path (4,) of an amorphous SiO; and crystalline Si were estimated to be 178 =4
nm and 147 5 nm under the condition of no objective aperture at 200 kV. Under no objective aperture condition,
A, for inelastic scattered electron was found to decrease with the decreasing of accelerating voltage. Indeed, 4,
increases rapidly with the decreasing of collection angles from 2.1 mrad to 23.4 mrad, whereas there is no change
above 23.4 mrad at 200 kV.

(3) From electron holography, the mean inner potential (Up) of amorphous SiO, and crystalling Si were
evaluated to be 11.5+0.3 V and 10.8 0.7 V, respectively. The accurate thickness measurement in a thinner
region is more possible for electron holography than EELS in amorphous SiO3.
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