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Abstract

The performance of energy dispersive X-ray spectroscopy (HV-EDS) and of energy loss spectroscopy (HV-
EELS) for a new analytical high-voltage transmission electron microscope (HVTEM) was described, and their
applications were demonstrated for porous silicon (PS), which contains nanocrystals in amorphous substance and
shows intense light emission at room temperature. An EDS detector was designed to set in a horizontal position
of the HVTEM, and shielding devices of apertures and metal blocks were specially inserted into the column to
cut stray X-rays at 1000 kV. A post-column type energy filtered imaging system with additional optical
deflection lens for the detector to eliminate stray X-rays was installed below a camera chamber of the HVTEM.
High-resolution electron microscopy (HRTEM) revealed Si nanocrystals in the PS layer prepared by an
anodization of p-type Si wafer at a current density of 100 mA/cm” at room temperature. The chemical analyses of
the PS layer indicate the presence of oxygen which is identified from the O-Ka signal with HV-EDS and Si*'-
finger print at 108 eV with HV-EELS. Oxygen or oxide related defects at the interface between Si nanocrystals
and amorphous are considered to have an important role on the visible light emission from PS layer.

1. Introduction

Analyses of local composition and chemical
conditions of materials have been performed
using a transmission electron microscope
(TEM), having an accelerating voltage less than
200 kV and equipped with energy dispersive X-
ray spectroscopy (EDS) and energy loss
spectroscopy (EELS). Commercially available
field-emission gun (FEG) systems attached to
such TEMs are also promoting this trend [1]. A
high-voltage TEM (HVTEM) having an
accelerating voltage of 1000 kV or more has
been considered only for high-resolution
transmission  electron  microscopy  [2-3],
because of an advantage of the highest point-
resolution approaching to 0.1 nm and of a
disadvantage of the radiation damage by high-
energy electrons. However, the development of
advanced materials with atomic arrangements is
now requiring the analysis of local composition
and chemical conditions, simultaneously with
the structural observation.

Attachments of EDS to HVTEM (HV-EDS)
had been attempted for AEI-EM7 microscopes
in 1980’s [4-5]. The preliminary results
indicated that the signal to noise ratio in X-ray
spectra was low due to the background noise
appearing at lower X-ray energies, and that it
was not successful to focus a diameter of
electron probe less than lpum. On the other
hand, the development of EELS in which a fine

focused probe is not required was completed
[6], in parallel with the development of second
generation of a HVTEM. The new feature of
the high-voltage EELS (HV-EELS) is energy
filtered imaging, which has become possible to
take two dimensional map of selected element
by applying a energy window to a EELS
spectrum [7]. The first objective of the present
paper is to describe a practical performance of
HV-EDS and -EELS for a new analytical
HVTEM (JEM-ARMI1000) developed at
National Research Institute for Metals (NRIM).
The second objective is to demonstrate the
applicability of the HV-EDS and -EELS to an
advanced material. The material adopted in this
study is porous silicon (PS), which has a visible
photoluminescence (PL) about 650 nm at room
temperature [8] and is expected to be used for
photoelectronic integrated circuits, optical
memories, and advanced display systems [9-
10]. PS has local compositional changes which
is considered due to the oxidation and
carbonization in the preparation process as well
as an inhomogeneous structure which consists
of amorphous and Si nanocrystals. The models
proposed for the PL mechanism are so far
based on (1) quantum confinement effect in Si
nanocrystals [8], (2) surface-confined states at
the interface of nanocrystals [11], (3) its related
oxide defects [12] and (4) surface chemistry
such as siloxene derivatives [13] or SiHy [14].
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The difficulty to determine the PL mechanism
lies on the smallness of Si nanocrystals less
than 3 nm and on the variation of chemical
condition in such small area. The results of
HRTEM and chemical analyses of PS layer
with HV-EDS and -EELS are presented in the
latter section.

2. Experimetal

2.1 High-Voltage EDS and EELS System
JEM-ARMI1000 at NRIM has been designed
especially for in-situ experiment using heating
and cooling holders under electron and ion
irradiation. Thus the specimen chamber was
fully modified for ion beams and an EDS
detector directly facing to a specimen at
different angles. A schematic drawing of an
outlook of the microscope column is shown in
figure 1. Since two ion-introduction ports
occupy high angle position, the ultra thin
window EDS detector (UTW-EDS) is set in a
horizontal position. The modifications made
inside of the optical column are to minimize the
generation of background X-rays by changing
apertures to low-Z materials and to shield the
scattered X-rays by heavy metal blocks. Since a
LaBg thermal emitter was used, the minimum
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Fig.1 A shematic drawing of an energy dispersive

X-ray spectroscope (HV-EDS) and an energy
filtered imaging system (HV-EELS), attached
to a newly developed analytical high-voltage
transmission electron mictroscope (HVTEM)
at NRIM.

spot size of electron beam is about 10 and 50
nm with a beam current of about 1 nm at 400
and 1000 kV, respectively. A post-column type
energy filtered imaging system made of
GATAN Ltd. was installed below a camera
chamber of the HVTEM. The addition of the
optical deflection lens for the detection system
to eliminate stray X-rays makes it possible to
take HV-EELS spectra and energy filtered TEM
(EFTEM) at 1000 kV.

2.2 Materials

PS samples were prepared by anodizing boron
doped p-type Si (100) wafers with resistivity of
0.04-0.06 Q.cm. The anodization was
performed in the solution of 50wt% HF +
C,HsOH (1:1) for 10 s. at room temperature at
a constant current density of 100 mA/cm?®. As-
anodized samples are examined by a PL-
lifetime measurement system using a
combination of nitrogen laser (wavelength:
337nm, pulse width: 0.3ns) and a streak camera
(Hamamatsu C4780). The samples were then
made into cross-sectional TEM specimens
through a standard argon ion milling method.
HRTEM was conducted along the thickness
direction of PS layer and the variation of the
structure was observed as a function of the
distance from surface. HV-EDS and -EELS at
1000 kV were carried out at the same areas
where HRTEM was done. The probe current
and size of HV-EDS were about 1 nA and 80
nm, respectively. HV-EELS spectra were
obtained for Si L, 3;-edge and O K-edge with the
detection area of about 10 nm in diameter and
followed by EFTEM in the same region.

3. Results and Discussion

3.1 Performance of HV-EDS and -EELS
The characteristic X-ray spectra of HV-EDS
were firstly taken from a type-316 austenitic
stainless steel (316 SS) TEM specimen at
different accelerating voltages (E) where the
electron probe current and diameter were kept
constant at 1 nA and about 200 nm,
respectively. The 316 SS was chosen for the
detection of Cr, Fe and Ni which generate X-
rays in the intermediate-energy range in the
spectrum. The signal to noise ratios (P/B ratios)
obtained from the spectra for Fe-Ka and Ni-Ka
are shown in Figure 2 as a function of E,
together with the values of a dead time (D) and
an energy resolution of the detector (ER). The
width of energy window for the peaks and
backgrounds was set as 0.2 keV. Since 316 SS
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contains about 68 % and 12 % of Fe and Ni,
respectively, the P/B ratios are normalized to
100 % values and also shown in the figure.
There is little difference between the
normalized values for Fe-Ka and those for Ni-
Ka. The increase in P/B ratio with increasing E
from 400 to 600 kV indicates the improvement
of the detection efficiency at higher voltage as
reported previously [15-16]. The normalized
P/B ratios of both Fe-Ka and Ni-Ka
monotonously decreased with further increase
in E, nevertheless the ratios kept 105 at 1000
kV. This value is about fifty times larger than
those in the previous study [4].

The relative low P/B ratios at 1000 kV was
attributed to the increase in the background
levels. Uncollimated X-rays along with high
energy electrons increased with E, thus the dead
time of the detector also increased. However,
the energy resolution of the detector showed
little increase with increasing E from 142 eV at
400 kV to 159 eV at 1000 kV, where few
technical problem remains for the operation of
the present EDS system at higher voltages. In
addition, it is important to note an advantage of
HV-EDS, reported by Furuya et al. [17]. On the
contrary to the increase in background levels,
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Fig.2  The signal to noise (P/B) ratio of Fe-Ko and
Ni-Ka , dead time (D) and energy resolution
(ER) in the HV-EDS measurements as a
function of an accelerating voltage (E).

the build-up of C-Ka and O-Ka signals during
EDS measurement was suppressed at 1000 kV
as compared with that at 400 kV, which
indicated low contamination rate at hi;her
voltages even in a vacuum less than 2x10™ Pa.
This is useful to analyze carbon and oxygen
containing materials such as PS, because the
low concentration of light elements in samples
sometimes requires long measuring time and
the contamination makes it difficult to perform
EDS analyses.

On the HV-EELS, it is important to evaluate
the energy resolution attained in a spectrum,
because the energy shift due to the change in
chemical states is within several eV for most of
materials and the P/B ratios of EELS are
usually lower than that of EDS. Figure 3 shows
two zero-loss spectra obtained from the HV-
EELS system operated at 1000 kV with
unsaturated and saturated filaments. The full
width at half maximum (FWHM) of the zero-
loss peak 1s minimized to be 0.7 eV for
unsaturated filament and increases to 1.5 eV for
saturated filament. This tendency exhibits that
the energy resolution of the system is not
controlled by the thermal drift of photodiode
detector, but by the temperature change of the
LaB¢ thermal emission filament. One should
point out that the meaningful resolution of the
HV-EELS is 1.5 eV, even if finer structures can
be observed in a spectrum.
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Fig. 3  Zero-loss spectra obtained form the HV-EELS

system, showing the resolution of 0.7 and 1.5
eV with unsaturated and saturated filament,
respectively.
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3.2 Structure and Chemical Conditions of
Porous Silicon

Prior to performing HV-EDS and -EELS with
HRTEM, the intense PL from the PS layer was
confirmed to have a peak wavelength of about
640 nm. The broadness of PL spectrum and the
multi-exponential decay of PL implied several
mechanisms concerning with the visible light
emission from PS layer. The cross sectional
TEM images of PS layer along [110] direction
are shown in Figure 4 with changing the
positions from the surface. A low magnification
photograph (Fig.4-a)) indicates microscopic
inhomogeneity depending on the distance from
surface. The near surface region consists of a
sponge-like structure which has 150 to 200 nm
of thickness and has no clear diffraction
contrast. However, a HRTEM image (Fig.4-b))
reveals small nanocrystals of 2 to 3 nm in
diameter embedded in amorphous substance.
The shape of the nanocrystals are not clear,
because Si nanocrystals are reported to become
unstable when the size is less than about 3 nm
[18]. Also such a nanocrystal may be
chemically influenced by fluorine during
anodization and by carbon contamination
during the specimen preparation process for
TEM.

The tree-like structure is observed to develop
on the sponge-like structure, so that the
interface between PS layer and Si substrate
becomes zigzag. The pattern at the interface
does not have a particular crystallographic
orientation relationship. The size distribution
and mean size of nanocrystals become large
with increasing the distance from surface.
The size of crystals at the middle of the PS
layer becomes more than 10 nm, which exceeds
the limit of the particle size for visible light
emission due to the quantum confinement
effects [19].

Figure 5 exhibits the results of HV-EDS
analysis of porous silicon (PS) at 1000 kV,
taken at corresponding points of Agps to Cgps
in Fig. 4. The background X-ray spectrum was
also shown together in Fig. 5-a) and -b),
because of its measurable level at 1000 kV. It
should be noted that a considerable amount of
oxygen and carbon presents in PS layer. The
intensity of O-Ko does not change when the
distance from surface increases, while that of
C-Koo decreases. Canham et al. [20] have
already reported blue light emission due to the
carbon contamination of PS which exposed in
air for several months. Although the exposure
of PS specimens in air was limited within
several days for the present study, the
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Cross sectional transmission electron microscopy of porous silicon (PS) anodized in HF

solution at a current density of 100 mA/cm’ for 10 s at room temperature. a) low magnification
photograph, b) to ¢) corresponding HRTEM images with changing the distance from surface.
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contamination of PS surface by carbon was not
eliminated in the course of the preparation.

HV-EELS analysis at 1000 kV were carried out
at different positions of PS layer, shown as
Agers to Eggrs in Fig. 4 and the results are
presented in Figure 6. Si L;3-edge and O K-
edge are chosen among other edges because of
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Fig. 5  The results of HV-EDS analysis of porous

silicon (PS) at 1000 kV for 60 s. a) to ¢)
correspond to the spectra taken at Agpg to
CEDS in Flg 4,

the sensitivity to chemical bonds. The
background was subtracted assuming the power
law of energy loss curves. In Fig.6-a), the
energy loss near edge structures (ELNES) of Si
L,;-edge are presented with two concerned
peaks noted as Si% (the energy loss AE = 100
eV) and Si** (AE = 108 eV). The Si% edge
originates from 4 fold Si atoms in diamond
structure and Si*" from the “ﬁnger-prlnt of a
Si-40 tetrahedron. The Si*" edge is always seen
in the spectra of PS layer, and its relative
intensity becomes stronger as approaching to
the surface. On the other hand, the relative
intensity of Si®" edge rapidly decrease with
decreasing the dlstance from surface. Small
amount of Si*" (AE = 103 eV) can be observed
in intermediate region. Schuppler et al. [21]
have reported NEXAFS spectra of PS layers
and indicated the decrease in Si** signal and the
increase in Si*" (AE = 103 eV) signal as
1ncreasmg the particle size of PS. The 51m11ar
behavior is observed that small amount of Si**

can be found in intermediate region.
Corresponding O K-edge shows consistent
tendency, namely large amount of oxygen
detected near surface region. Small amount of
O K-edge signal from Si substrate comes from
the slightly oxidized specimen surface or
oxygen injected into Si substrate during
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The results of HV-EELS analysis of porous
silicon (PS) at 1000 kV. a) Si L2,3-edge and
b) O K-edge. A to E correspond to
the spectra taken at Agg s to Eggr s in Fig. 4.

Fig. 6

anodization.

The spatial distribution of oxygen and silicon in
PS layer is a key factor to control the
mechanism of PL and is evaluated with energy
filtered transmission electron microscopy
(EFTEM). EFTEM was carried out at the
boundary region between sponge- and tree-like
structures and for Si L;3-edge and O K-edge
with an energy window of 20 eV. A zero-loss
image and elemental maps for Si L, 3;-edge and
O K-edge are shown in Figure 7. Comparing
with the zero-loss image, clearly indicated is a
good agreement between the morphology and
chemical maps. The Si structure does not
provide an uniform shape of crystals and
sometime remains as a skeleton or withered
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Energy filtered TEM images of porous silicon (PS) at 1000 kV, taken near the boundary region

between sponge and tree-like structures in Fig. 4. The energy window is 20 eV. a) a zero-loss
image by elasically scattered electrons, b) an elemental map by Si L, ;-edge and c) that by O K-

edge.

twig. The content of Si is larger in the tree-like
structure, while that of O is larger in the
sponge-like structure. Due to the resolution of
EFTEM in Fig. 7, it is not successful to
evaluate the distribution of oxygen around
individual nanocrystals. But the figure reveals
that the content of oxygen increases with
decreasing the size of nanocrystals less than 3
nm in sponge-like structure region.

The present results demonstrate that the
importance of the local chemical conditions of
PS layer, especially the existence of oxygen in
Si-complex, as well as the heterostructures
contains Si nanocrystals. The PL has been
reported from bulk SiO, [22] and impurities
[20], and these turns out to be not responsible
for the visible PL from the PS layer. Therefore,
the quantum confinement effect and defects in
Si-O complex in conjunction with Si
nanocrystals can be an important candidate for
the origin of the PL.

The light emission due to quantum confinement
effects in nanocrystals has been investigated for
Si or Ge implanted Si0O, [23-24]. The size of
nanocrystals was controlled by the annealing at
different temperature and showed a narrow
Gaussian distribution in most cases. Clearly
reported was a peak wavelength shift from red
to blue region as decreasing the mean size of
nanocrystals. Since the size distribution of
nanocrystals in the present PS layer depended
on the distance from surface, clear
correspondence of the PL and particle size
“could not be obtained due to complicated Si
and 8i-O structures. But it should be pointed
out that unclear images of nanocrystals in Fig. 4
implies the inperfectness of crystallographic
structures inside and outside the particles.
Therefore, the strain might have effects on the

quantum confinement effects in nanocrystals.
The presence of oxygen in PS layer has been
reported [25] and was discussed in terms of PL
associated with dangling bonds in Si-O bonds.
But the same intensity of O-Ka in Fig. 5 with
changing structure from sponge-like (fine
nanocrystals) to tree-like (large crystals)
implies further complicated mechanisms with
defects. One of possible defects is the non-
bridging oxygen hole center (NBOHC) [26-27],
which consists of a Si vacancy in SiO;
tetrahedron-structure and has a PL peak at 1.85-
1.9 eV (wavelength from 670 to 652nm) and a
PL life time of 10-15us. Since PS layers have
been oxidized at room temperature in the
pressures of oxygen as low as 1 x 107 torr [28],
the oxidation takes place at the interface and
the surface between amorphous (SiO,) and Si
nanocrystals. This process is equivalent to the
migration of Si** ions and electrons to outer
oxide (amorphous) region. The tendency of the
distributions of Si*" in Fig. 6 and of oxygen in
Fig.7 supports the formation of the
considerable amount of NBOHC in the PS
layer. Although the local distribution of
NBOHC and nanocrystals could not be
determined in the present study, the present
results indicate an importance of the interaction
between Si-O bond states with defects and Si-
nanostucture for PL from PS layers.

4. Conclusions

An energy dispersive X-ray spectroscope (HV-
EDS) and an energy loss spectroscope (HV-
EELS) were developed for a new analytical
high-voltage transmission electron microscope
(HVTEM) at National Research Institute for
Metals (NRIM), and their applications were
demonstrated for porous silicon (PS), which
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contains  Si

nanocrystals in  amorphous

substance and shows intense light emission at
room temperature.

(1

€)

An EDS detector was designed to set in a
horizontal position of the HVTEM, and
the shielding devices of apertures and
metal blocks made it possible to measure
characteristic X-ray spectra at 1000 kV. A
post-column type energy filtered imaging
system was installed below a camera
chamber of the HVTEM, with additional
optical deflection lens for the detector to
eliminate stray X-rays.

High resolution electron microscopy
(HRTEM) revealed Si nanocrystals in PS
layer prepared by an anodization of p-type
Si (1002 wafer at a current density of 100
mA/cm” at room temperature. The
chemical analysis of the PS layer indicated
the presence of oxygen which is identified
from the O-Ka signal in HV-EDS spectra
and Si**-finger print at 108 eV with HV-
EELS spectra.

Oxygen or oxide related defects at the
interface between Si nanocrystals and
amorphous are considered to have an
important role on the visible light
emission from PS layer.
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