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Abstract. Nanodots forming dense assembly on a substrate are difficult to characterize in terms of size,
density, morphology and cristallinity. The present study shows how valuable information can be obtained by
a combination of electron microscopy techniques. A silicon nanodots deposit has been studied by Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) to estimate essentially the dot
size and density, quantities emphasized because of their high interest for application. High resolution SEM
indicates a density of 1.6 x 102 dots/cm2 for a 5 nm to 10 nm dot size. TEM imaging using a phase retrieval
treatment of a focus series gives a higher dot density (2 x 10*?dots/cm?) for a 5 nm dot size. High Resolution
Transmission Electron Microscopy (HRTEM) indicates that the dots are crystalline which is confirmed by
electron diffraction. According to HRTEM and electron diffraction, the dot size is about 3 nm which is
significantly smaller than the SEM and TEM results. These differences are not contradictory but attributed
to the fact that each technique is probing a different phenomenon. A core-shell structure for the dot is
proposed which reconcile all the results. All along the study, Fourier transforms have been widely used
under many aspects.

PACS. 68.65.Hb Quantum dots — 68.37.Hk Scanning electron microscopy (SEM) — 68.37.Lp Transmission

electron microscopy (TEM)

1 Introduction

During the last few years, silicon nanodots have attracted
interest because of their unique physical properties. The
quantum effects due to the nanodot size allow to develop
new silicon based functional devices like resonant tun-
nel components, one dimensional transport devices, sili-
con nanocrystal memories and single electron transistors.
Various methods have been considered for Si nanodot syn-
thesis such as chemical vapor deposition, ion implanta-
tion, aerosol... However, floating gate memory applica-
tions need dot densities of about 10'? dots/cm? for 5 nm
diameter dot [1]. To meet such requirements, Low Pressure
Chemical Vapor Deposition (LPCVD) technique seems to
be the most appropriate synthesis method [2].

Nanodots are deposited on monocrystalline silicon
wafers covered with a few nanometer layer of thermally
grown oxide. In the LPCVD process, the Si nanodots can
be obtained from silane diluted in nitrogen, pure disi-
lane or silane at temperatures between 673 K and 973 K

* e-mail: patricia.donnadieu@simap.grenoble-inp.fr

and pressures between 0.2 and 10 Torr. To obtain nano-
objects, the deposition time has to be short (from few
seconds to few minutes), hence the nanodot formation oc-
curs during a transient regime. Besides the dot deposit
is sensitive to many parameters such as the treatments
used to modify the surface bonds. For instance, after
a hydro fluoric acid treatment of the substrate, higher
densities of nanodots can be obtained, namely over the
10'2 nanodots/cm? range [3].

For device industrial production, the process must pro-
duce nanodots with controlled size, size distribution and
density. For the LPCVD process, such control needs a
large effort in modelling because the nanodots are formed
in the transient regime [4]. Besides, numerous phenom-
ena such as convective transport and diffusion occurring
within the reactor and near the substrate; chemical re-
actions between gaseous species and with surface bonds
have to be considered. Hence to be validated, the LPCVD
process modelling has to be supported by high resolu-
tion characterization techniques. However, when high den-
sity nanoscale objects are deposited on a substrate, the
separating distances are also nanometric which makes
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characterization extremely difficult. Consequently the ef-
fort in modelling must be accompanied by a parallel effort
in characterization to determine the dot size, densities, av-
erage distance, morphology and structure.

In spite of the development of new techniques and the
improvement in the resolution of more classical ones, char-
acterizing a dense assembly of nanodots remains a chal-
lenge. For instance, Atomic Force Microscopy (AFM) is
not appropriate since its lateral resolution is limited by
the convolution by the scanning probe shape which has
a radius currently larger than 5 nm. Scanning Tunnelling
Microscopy (STM) has the required resolution but cannot
be employed routinely for studying series of samples. On
the other hand, X-ray diffraction at grazing incidence can
be carried out but because of the small quantity of mat-
ter a synchrotron source is necessary. Electron microscopy
techniques appear as the most appropriate ones. On the
one hand, Scanning Electron Microscopy (SEM) is now
able to reach nanometric resolution owing to the Field
Emission Gun (FEG) and the development of in lense
secondary electron detector. It should be then possible to
have the nanodot size and density of nanodot assembly us-
ing FEG-SEM. On the other hand, Transmission Electron
Microscopy (TEM) can provide complementary informa-
tion on the dot structure. In the present study, we are re-
porting on FEG-SEM observations completed by TEM in-
vestigations based on a recently developed phase retrieval
imaging method and more classical approaches like high
resolution transmission microscopy (HRTEM) and elec-
tron diffraction. Spectroscopic Ellipsometry (SE) which
gives for a nanodot deposit the thickness of the equivalent
layer has been also used as a test for the consistency of
the electron microscopy measurements.

All the observations have been carried out on the same
sample, i.e. a thermally oxidized (001) Silicon wafer on
which nanodots have been deposited by LPCVD. More
details on the related LPCVD modelling work as well as
the synthesis conditions are given in [4,5]. Note that the
aim of this article is not to report a systematic study of
a series of nanodot samples but to illustrate how a rele-
vant characterization can be obtained by combination of
electron microscopy techniques. Besides, the complemen-
tarities of the techniques, the present work illustrates the
large quantity of information that can be obtained under
quite routine laboratory conditions.

2 FEG-SEM characterization of nanodot
assembly

2.1 FEG-SEM imaging

A Zeiss Ultra 55 FEG-SEM has been used to make plan
view images of the nanodot assemblies. No particular sam-
ple preparation or cleaning was done before imaging. To
reach a better resolution, in this microscope, images are
formed with a specific secondary electron detector which
is based on the following ideas. The low-energy secondary
electrons generated at the impact point of the primary

electron beam are intercepted by a weak electrical field at
the sample surface. They are then accelerated to a high
energy by the field of the electrostatic lens and focused on
an annular In-lens detector located above the objective
lens. This detector provides high resolution information
and gives better results on nanodots than the standard
Everhart-Thornley detector, the usual lateral secondary
electrons detector in the specimen chamber. The theoret-
ical instrument resolution is 1 nm for an electron beam
accelerated at 15 keV.

To get a good contrast for nanodots deposited on a
substrate, a low accelerating voltage is chosen to reduce
the volume of electron interactions. Typically at 15 keV
the electron interaction volume is larger than 1 um?3, i.e.
several orders of magnitude larger to the dot size. Still, be-
cause of the thin insulating silica layer between the wafer
and the dot deposit, the interaction volume must be large
enough to insure electron conductivity. At low voltages,
the images appear blurred because of charge accumula-
tion. The image (Fig. la), obtained at 8 keV accelerat-
ing voltage, illustrates the best compromise in terms of
dot contrast and charge effect. Unfortunately, a 8 keV ac-
celerating voltage does not allow to benefit from the full
instrument resolution, the equipment being optimize for
the 15 keV operating conditions.

The FEG-SEM images obtained in the above condi-
tions provide valuable information on the deposit quality.
The dots are clearly nanometric and forming a dense as-
sembly but the images suffers from a poor contrast. In
particular, the dot signal is small in comparison with the
long range intensity fluctuations (50 nm and above). Since
the nanodots are on a much lower scale than the intensity
fluctuation one, the image quality can be improved by a
Fourier filtering. A convenient solution is to use a pass
band filter to cut the non significant information at high
and low frequency.

The filtering has been carried out using FFT transform
and a mask to remove fluctuations below and above the
range of the nanodot relevant information. The filtering
has been applied to the FFT (Fig. 1b) of the image in
Figure la. As shown by Figure 1c, the filtering is done in
Fourier space by applying an annular mask with Gaussian
edges, the mask radi are chosen to cut information above
20 nm and below 2 nm. Inverse FFT applied to the masked
FFT gives the filtered image shown in Figure 1d.

The improvement obtained by filtering is significant.
It can be easily checked that no information on the dot is
missing but details which were rather guessed in Figure la
are now seen with a better contrast. However the contrast
is not good enough to allow for an particle counting us-
ing image analysis software. A semi manual method has
been used to detectec and count the particles, it gives a
density of 1.6 x 10*? /cm?. Regarding the dot size, there
are numerous small dots of about 5 nm as well as larger
ones (about 10 nm). For these larger dots, the contrast
is frequently inhomogeneous as if they were aggregates
of smaller dots. As the large dots represent more than
10% of the assembly, it is clear that a resolution adapted



Fig. 1. (a) FEG-SEM image of the nanodot deposit obtained with a 8 keV accelerated voltage. (b) FFT of Figure (a),
(d) image obtained by filtering according to the pass band filter shown in (c).

to the separation distance is necessary for a quantitative
analysis.

Indeed, for nano-object which are close to the instru-
ment resolution, it is not easy to know whether the resolu-
tion is sufficient or not because of the degradation of res-
olution inherent to the sample features (charging effects,
object morphology, ...). At that stage, it is particularly
interesting to use information given by a different tech-
nique (here Spectroscopic Ellipsometry (SE)), to test the
consistency of the FEG-SEM results and to estimate how
far the results can be from reality.

2.2 Spectrometric Ellipsometry measurements
as a test for FEG-SEM results

Ellipsometry is a non contact and non destructive optical
method currently used to measure the thicknesses of thin
films [6]. It consists in measuring the polarization changes
of a wave reflected by the surface of interest. Depend-
ing on the polarization, after reflexion the electric field
components show specific attenuation and phase shift. In
Spectroscopic Ellipsometry (SE), the wave length of the
incident wave is usually scanned over the range 250 nm
to 750 nm. The results (namely amplitude wave ratio and
phase shift) are displayed then as spectra. By comparison
of simulated spectra to the experimental ones, the film
thickness as well as the refractive and extinction indices
can be determined.

For discontinuous layers such as silicon nanodot assem-
blies, the SE results are interpreted using the Bruggeman
effective medium approximation which describes the sys-
tem as a multi-constituent stack of vacuum, amorphous
and crystalline silicon [6]. The thickness of the equivalent
continuous layer and the fractions of amorphous and crys-
talline silicon are determined using a numerical iterative
solution starting from a set of initialization parameters.
This method is routinely used as a characterization tech-
nique of thin films (see for instance [7]). It is worth not-
ing that this indirect method allows also to determine the
dot structure (crystalline or amorphous). Regarding nan-
odot deposit, the equivalent thickness layer can be used

to estimate an average dot size knowing the dot density
and assuming a particular dot shape. For a hemispherical
shape of the nanodots, the mean diameter D is then given

by the relation
3eq,\ /3
D=2 1
( 2nd ) (1)

where eg; is the thickness of the equivalent silicon layer
and d the density measured, for instance, with the
FEG-SEM images.

For the sample previously studied by FEG-SEM, SE
measurements indicates that the dots are crystalline and
that the equivalent thickness is eg; = 1.38 nm. Since
the dot density according to FEG-SEM is d = 1.6 x
102 dots/cm?, it gives a mean diameter D = 7 nm. This
value seems quite overestimate with respect to the FEG-
SEM images showing a large number of dots in the 5 nm
range. This can be interpreted by an underestimation of
dot density because a lack of resolution of FEG-SEM as
was already suggested by the large dot with irregular con-
trast. The SE measurements confirm then that it is nec-
essary to use characterization techniques of higher reso-
lution. TEM observations have been then carried out in
order to measure more precisely the density and dot size
and try to investigate in more details the dot shape and
structure.

3 Phase retrieval TEM images

The easiest way to study by TEM nanodots deposited on
a substrate is to prepare a plan view sample. The sam-
ple is first mechanically polished on the substrate side to
a thickness of about 50 pm and further thinned to elec-
tron transparency by chemical etching or by ion polishing.
The final polishing does not remove all the substrate, the
area suitable for TEM observations are then made of a
remaining thin slice of substrate covered by the nanodot
deposit.

Nanodots can be imaged in TEM owing several types
of contrast. First if the dots are crystalline, Dark Field



Fig. 2. TEM plan view images of a same area taken at different defocus A (a) A — 625 nm, (b) A = 0, (¢) A + 625 nm.
Note the change on contrast and detail size when the defocus changes.

(DF) images can be carried out but as this image forma-
tion proceeds with a selection of intensity by the objective
aperture only a part of the dot assembly is imaged. Hence
to obtain the actual density from the one given by DF im-
ages, a correction factor depending mainly on the objec-
tive aperture and particle size should be determined first.
Hence without a specific study to establish the correction
factor, the DF images give essentially the dot size but not
the dot density. Recently, Puglisi et al. [8] have success-
fully imaged nanodots by Energy Filtered Transmission
Electron Microscopy (EFTEM) owing to a specific elec-
tron energy loss. Using a plasmon mode characteristic of
collective electron excitations in Silicon, EFTEM images
are appropriate for measuring the dot size and density [8].
On the other hand, according to TEM image formation
theory [9], nanodots constitute typical case of phase con-
trast object, more precisely weak phase object. Hence it
is possible to use the phase contrast for imaging the nan-
odots. The advantage of the phase contrast images is that
they can be carried out on standard TEM equipment while
for instance EFTEM imaging requires an electron energy
loss filter. The other characteristic of the phase contrast
is to be sensitive to the defocus of the objective lens. This
effect is interesting in terms of contrast enhancement but
the inconvenient is that the white or black dots on the
image cannot be directly interpreted as nanodots. How-
ever a series of images taken at different defocus (i.e. a
focus series) followed by a specific numerical treatment
allows to retrieve a phase image and then measure the
dot size and density. Such kind of approach which is de-
tailed in [10] (and only briefly recalled below) is called a
phase retrieval method. It is used here to complement the
FEG-SEM study since the resolution for a £500 nm focus
series is ~1 nm [10].

3.1 The phase retrieval method

The phase retrieval method used here being detailed
in [10], only the final step allowing to retrieve the phase
from a focus series is given here. A series of 3 images taken
at 3 defocus, namely I(—Az), Iy, I(Az) respectively taken
at —Az, 0, Az allows to retrieve the phase shift @(r) (or
its Fourier transform) from the difference between images

AT according to the relation:

U= Iy 2Ag? Az

where the sign " refers to the Fourier Transform.

Using the above equation, the phase image is derived
by a FFT processing carried out on the series of images
taken at Az, 0 and —Az defocus. A small mask with Gaus-
sian edge is used to avoid divergence due to the singularity
in ¢ = 0. Finally, from a series of 3 images, a phase im-
age is obtained which contrast is directly proportional to
the local sample thickness. As illustrated below, the phase
image can give the dot density, size and mutual distance.
It should also be possible to measure the dot height as
pointed out in the discussion (Sect. 5).

3.2 Dot size, density and mutual distances

Figure 2 shows the focus series obtained for the nanodot
assembly, previously studied by FEG-SEM. This series has
been recorded on a CCD camera fitted on a Jeol 3010
microscope operating at 300 keV (A = 0.00197 nm).

From this experimental series, the phase image can be
computed according to equation (4) by writing the ap-
propriate routine in image analysis software like Digital
Micrograph or ImageJ [11]. Figure 3a shows the phase
image retrieved from the focus series. The phase image is
given as a plan view (Fig. 3a) as well as a 3D representa-
tion (Fig. 3b) in order to emphasize on the meaning of the
contrast, i.e. the thickness fluctuations due to the dot as-
sembly. The dot density estimated from the phase image
is 2 x 10'2 dots/cm?. This density is obtained by man-
ual counting since, in the present working conditions, the
contrast was not high enough to allow for an automatic
image analysis. The dot size estimated from a series of
measurements is 5.2 nm £ 1.5 nm. It is worth noting that
opposite to FEG-SEM images, we do not observe dots
larger than 10 nm.

On the phase image in Figure 3a the dot distribu-
tion seems quite homogeneous. Since the organization of
nanodots is a major point with respect to applications,
a Fourier transform of the image has been done to test
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Fig. 3. Phase image corresponding to the area imaged in the focus series in Figure 2. (a) Plan view, (b) 3D representation

of figure (a).
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Fig. 4. (a) Phase image of the nanodot assembly. (b) FFT of the phase image after applying a rotational average. The intensity
maximum in ¢ = 0 is cut by a mask of small radius (0.04 nm™'). (c) Profile of intensity of the FFT after averaging. A maximum

in the intensity profile is observed for gmaz = 0.13 nm .

whether there is a characteristic average distance between
dots. The Fourier transform is obtained from the phase
image by FFT algorithm followed by a rotational aver-
age to derive the intensity profile. A mask of small radius
(¢ = 0.04 nm~1) has been applied to remove the intensity
maximum in ¢ = 0, insignificant in terms of dot distances.
Figures 4a—4c display the starting phase image, the FFT
after rotational average and the intensity profile. This pro-
file is characterized by a maximum which reveals a mean
distance between dots. The position of the maximum is
Gmaz = 0.13 nm~! corresponding to a mean distance be-
tween dots d = 7.7 nm.

The SE results can again be used to test the va-
lidity of the TEM phase image results. For the density
2 x 10'2 dots/cm?, the dot diameter according to the SE
thickness interpretation is D = 6.4 nm. This value is close
but a little larger to the one measured on the phase image.

As for the FEG-SEM results, this underestimation can
be also interpreted as a lack of resolution with the TEM
phase retrieval method. Indeed the present working condi-
tions were not the most appropriate (in particular an in-
direct illumination type CCD camera was used). A more
sensitive direct CCD camera should help to reduce the
noise on the final phase image and then improve the spa-
tial resolution.

4 On the dot structure and morphology

The TEM phase images and the FEG-SEM ones give no
indication on the nature of the dots (crystalline or amor-
phous). The HRTEM imaging mode and electron diffrac-
tion can then be used to clarify this point.

4.1 HRTEM imaging on nanodots

HRTEM is quite easy to carry out on a dense assem-
bly of dots since some of them are always correctly ori-
ented to give at least fringe image. As illustrated by Fig-
ure 5a, the nanodots can be recognized as domain formed
of about 10 fringes, the distance between fringes is about
0.310 £ 0.005 nm which is consistent with the (111) plane
spacing in Silicon (0.313 nm). For noisy HRTEM image,
the now well known geometrical phase image method de-
veloped by Hytch et al. provides an efficient tool to mea-
sure the size of domain which can be difficult to identify
with only the fringes [12]. The geometrical phase image
(Fig. 5b) is derived by a Fourier processing applied to
the HRTEM image (Fig. b5a) according to the method
described in [12]. In Figure 5b, the area with constant
grey level correspond to a crystalline domain defined by
the selected g vector (here a (111) vector). According to



Fig. 5. (a) HRTEM image taken on the plan view sample. The fringes can be identified as crystalline nanodot, the fringe
spacing is 0.31 which is consistent with the (111) spacing in Silicon. (b) Geometrical phase image for the selected g (111) vector
corresponding to the fringes in 5a. The area with constant grey level allows to identify the crystalline domain.
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Fig. 6. (a) Electron diffraction pattern recorded on the nanodot deposit. The diffuse ring position is consistent with the (111)
spacing in silicon. (b) Intensity profile of the diffuse ring after rotational average. The straight line estimates the background
intensity. (c) Intensity profile of the ring after background subtraction, the ring width is Ag = 0.43 nm™".

the HRTEM image, the crystallite is rather small (about
3 nm). On the corresponding geometrical phase image
which slightly emphasizes the size, the crystallite domain
is also quite small (about 2 nm by 5 nm in Fig. 5b). Other
HRTEM images have also given small domain size com-
pared to the ones measured with the TEM phase retrieval
method and the FEG-SEM images.

However HRTEM allows only the observation of a lim-
ited number of dots, electron diffraction is worth trying
since it provides more global information on crystallinity
as well as the domain size.

4.2 Electron diffraction on the nanodot deposit

Figure 6a gives the electron diffraction pattern obtained
on the plan view sample previously studied by TEM. It
is characterized by two types of features: a spot pattern
indexable as the Silicon (001) zone axis, a diffuse ring cen-
tred on a position close to 0.32 nm in agreement with the
(111) spacing in Silicon (0.313 nm). Diffuse rings are gen-
erated by an homogeneous distribution of small objects,
here the nanodots. The positions of the diffuse ring indi-
cate that the dots are crystalline. Besides a weak second
ring consistent with on the (220) Silicon distance was also
observed for long exposure time.

The diffuse rings are characterized by a significant
width which can be measured on electron diffraction like
Figure 6a. As the diffuse ring intensity is quite weak, a
rotational average has been applied to obtain a less noisy
profile. Figure 6b shows the intensity profile of the diffuse
rings of Figure 6a. Figure 6¢ displays the same profile af-
ter background subtraction. The width at half maximum
intensity is equal to Aq = 0.43 nm~! which corresponds
to a length ¢ = 2.3 nm.

Crystallite finite size as well as defects and strain are
responsible for widening and/or changes in the intensity
profiles of the diffraction lines. For nanocrystals, the size
effect is expected to be the major reason for the diffraction
line width because the effect is inversely proportional to
the crystallite size. Therefore in the following analysis only
the size and shape of the dots are considered, the strain
and defects are neglected.

According to diffraction theory, the widening due to
size effect results from the convolution of each reciprocal
point by the Fourier transform of the function describing
the crystallite shape in direct space. Hence a crystallite
with a given size and shape is characterized by a shape
factor F'(¢) (i.e. the Fourier transform of the shape func-
tion f(z)) [13]. However as far as intensity rather than
amplitude are measured, the quantity of interest is the
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Fig. 7. (a) 2 dimensional model shapes of the nanodots: a top hat function, a triangle and a simplified snow flake; all shapes
are taken with a same basis width 2a. (b) Square module of the shape factor calculated for different shape function. The width
at mid peak height is: 7TAga = 1.4 (top hat function), 7Aga = 2 (triangle), mAga = 2.4 (flake). (¢) Comparison between the
experimental intensity profile of the diffuse ring and a calculated shape factor corresponding to the simplified snow flake shape

with basis 2a = 3.6 nm.
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To analyse in more details the relation between the dot
size and the ring width, the shape factor has been calcu-
lated for several 2D hypothetical shapes (Fig. 7a), namely
a top hat function (width 2a), a triangle (basis 2a), a sim-
plified snow flake (basis 2a).

Figure 7b shows the intensity profile expected from
the shape factor calculated for each of the model shapes.
For simplifying, the abscissa axis is mqa where ¢ is the
reciprocal vector and a the size in direct space. Using the
calculated intensity profile, for each shape the relation be-
tween characteristic size in direct space and width (Agq) in
reciprocal space can be derived. It comes out: TAga = 1.4
for the top hat function (width 2a), 71Aga = 2 for the
triangle (basis 2a), TAga = 2.4 for the simplified snow
flake (basis 2a). Hence for a same Aq width, the corre-
sponding size in direct space is somewhat smaller for a top
hat function or triangle shape compared to a snow flake
one. If we assume this shape for the dots, the dot size is
L = 2a = 3.6 nm. Figure 7c illustrates the agreement
which can be obtained between the experimental ring
width and a snow flake shape factor with L = 2a = 3.6 nm.

However, this size which is in good agreement with
the HRTEM observations is significantly smaller from the
FEG-SEM and TEM phase images results. The difference
is indeed about a factor of 2: 3-3.6 nm by HRTEM and
electron diffraction against 5-7 nm by TEM and SEM.
One can wonder whether more complex shapes could give
a better agreement, i.e. provide an interpretation for the
line width consistent with a larger dot size. Actually it
is convenient to express the square module of the shape
factor slightly differently than above.
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This rewriting points out that the shape factor is related
to the Fourier transform of the autocorrelation function

of the dot shape in direct space. It means that even if
the shape function was made more complex, for instance
by adding more facets to the flake, large changes can-
not be expected since the autocorrelation function will
not be strongly affected by changes in the details. Indeed,
this is already illustrated by the small variation between
the width for a triangle compared to the simplified snow
flake one. Consequently, a more complex flake could be ex-
pected to give a similar result and then cannot explained
size differing by a factor of 2.

To discuss the sizes given by different techniques, it
should first considered which aspects each technique is
probing. For instance, in diffraction the size given by the
line width is related to the one of the diffracting domain,
i.e. the size of the domain in which diffracted waves are
coherent enough to interfere. Such domain can be depicted
as a “good” crystal one without to much strain and de-
fects. In HRTEM, the dot size is given by the area in which
lattice fringes can be imaged, this is also possible in a do-
main having a quite well defined crystalline structure. On
the other hand, the TEM phase retrieval method sees the
nanodots through the projected potential and is therefore
less sensitive to the disorder or distortion within the dots.
Regarding FEG-SEM images, since the secondary electron
mode is essentially probing the topography, they are not
sensitive to the dot structure. There is then an interpreta-
tion which can reconcile all the results: the dots are formed
by a crystalline core of size L ~ 3-3.6 nm and a thin shell
showing imperfect crystallinity. The nanodots will show
then a larger size (~5 nm) or a smaller one (~3 nm) de-
pending on the investigation technique.

5 Discussion

Using all the information that can be obtained from differ-
ent electron microscopy techniques, we have been able to
measure the density, the dot size and average mutual dis-
tance as well as giving information on the dot structure. In
particular, from the comparison of techniques, we can pro-
pose a model for the dot consisting in a crystalline core and
a shell of less defined structure. The external shell could
be made of disordered Silicon but also formed by a thin ox-
idization layer. Evidence of such layer has been given by



XPS experiment on oxidized Silicon nanodots [14]. Fur-
ther spectroscopy experiments (XPS of course and may
be EELS) would be of interest to test this interpretation
on Si nanocrystals with or without oxidation treatment.
This points out again how important is the combination of
techniques to achieve to a full characterization of nanoob-
jects. On the other hand, size or other structural details
revealed by different characterisation techniques are usu-
ally related to specific physical properties. For instance,
the size of crystalline domain should be relevant for quan-
tum confinement effect while surface structure is expected
to have a connection with screening [15].

Of course, some quantity remained to characterize like
the strain within the dots. This information is present
in the position and the intensity profile of the diffraction
lines. This could be studied by X-ray techniques, for in-
stance like GID (Grazing Incidence Diffraction). Still some
preliminary experiments done on a synchrotron source
have not allowed to derive information because of the weak
intensity of the high indices lines. In that case, it should
be interesting to consider what can be obtained electron
diffraction. Of course recording the intensity of series of
high indices lines required appropriate CCD cameras or
imaging plates.

Strains within the dots contribute also to enlarge the
diffuse ring. In that case the experimental ring width cor-
responds to the addition of shape and strain effect and
then cannot be related simply to a size. The effect of
strain and shape can be separated if rings corresponding
several (hkl) lines can be measured. Finally, defects can
also generate a broadening and particular asymmetry of
the diffraction line. If several diffraction lines can be mea-
sured, it is possible in principle-but certainly difficult in
practice—to separate the effect of size, strains and defects.

Improvement of the present electron microscopy re-
sults should be achieved in the near future. For instance,
plasma cleaning of the sample before FEG-SEM imaging
is now becoming routinely available. This sample prepa-
ration reduces the contamination layer which allows a
lower scanning speed and then better signal/noise ratio
at high magnification. Regarding the TEM phase retrieval
method, numerous improvements can be done using. For
instance, a more sensitive CCD camera will allow reducing
the defocus and further having a better resolution. On the
other hand, there is quantitative information in the phase
value given by the phase retrieval processing. Indeed, op-
posed to the TEM starting images, the contrast in the
phase image is related to the thickness fluctuations. For
an homogeneous system, in each (x, y) point, the phase im-
age intensity gives the thickness according to equation (3).
For Silicon dots deposited on a substrate, the thickness
fluctuation ¢ is related to the phase fluctuation A by:
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where V is the inner potential. Hence, if this inner poten-
tial is known, the phase fluctuation can measure the dot
height. A first approximation of the inner potential can be
made from the structure factor data. However, it would

be better to have more realistic potential. The numerous
holography studies going on nowadays should provide re-
liable inner potential for Silicon. On the other hand, the
development of atomistic calculations should also give val-
ues for the inner potential. This knowledge is necessary to
derive more quantitative information from phase retrieval.

The major points illustrated by the present work is
that, when different results are obtained by different tech-
niques, there is not necessarily contradiction since each
method is frequently based on a particular interaction
with the sample. Hence, each technique is measuring a
particular aspect. It is then important to gather all the
information and try to propose a description which syn-
thesizes all the results.

Finally it should be insisted that a lot of information is
to expect from the experiments that can be carried out at
the synchrotron owing to the X-ray spectroscopy (XPS)
or the X-ray diffraction under grazing incidence. However
these techniques test the whole assembly of particles. So
they will always be fruitfully complemented by more local
techniques like FEG-SEM and TEM. Besides, the strength
point of the electron microscopy techniques is to make
high resolution tools currently available in laboratory con-
ditions.

6 Concluding remarks

The present work has been focused on the characterization
of nanodots assembly that appears necessary with respect
to the elaboration control required in view of applications.
However such characterization remains quite a challenge
in spite of the development of new techniques and the im-
provement in resolution of the electron microscopy ones.
It is indeed difficult when dealing with nanoobjects to
know whether the resolution is sufficient of not. The nan-
odots assembly studied here gives an illustration of the
difficulties due to the small size of the object as well as
small mutual distance in addition to possibly ill defined
structure.

The study reported here can be considered as an ex-
emplar investigation which proceeds, step by step, and by
crossing different approaches. FEG-SEM and TEM tech-
niques were particularly emphasized because they are the
more accessible techniques and as shown here they suc-
ceed in giving much information like size, density, mor-
phology... Of course it means pushing these methods to
the maximum of their possibilities and making use of all
the available analysis, especially the one based on Fourier
analysis. Fourier based methods have been applied here
as image treatment, as measurement tool for the dot mu-
tual distance but also in the phase retrieval processing.
For that specific aspect, nanodot assemblies constitute a
system of choice for applying new method like the phase
retrieval which is valid for phase contrast object.

In spite of the many interest of SEM and TEM imag-
ing, one must stay open to non imaging techniques which
can provide valuable test for the consistency of results.
For instance, spectroscopic ellipsometry results have been
used here to test the TEM and SEM results. But other



techniques like the X-ray diffraction or X-ray spectroscopy
are clearly complementary to a SEM and TEM study.

The main conclusion of the present work is that there
is no technique of choice. Each technique is testing a par-
ticular aspect of the system. Hence different results do
not have to be opposed but rather to be reconciled. When
dealing with very small scale, extreme care is required
since the objects are frequently at the experimental reso-
lution limit. Our strategy was to progress step by step us-
ing SEM and TEM imaging modes and getting from each
technique the relevant information and trying to synthe-
size all the information in an appropriate structural model
for the nanodots.

This work has been carried out, in the frame of CEA-
LETI/CPMA collaboration, with PLATO Organization teams
and tools.
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