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NANOPARTICLES FORMED IN GeSiO FILMS BY ANNEALING IN
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This paper presents a detailed transmission electron microscopy (TEM) study of GeSiO
films with Ge nanoparticles. The films with 2.5 pm thickness were deposited by
magnetron sputtering and subsequently annealed in H, at 2 atm and 500 °C for 2 h for
nanostructuring. After H, annealing, the majority of the resulted Ge nanoparticles are
amorphous, less than 5 nm in size, forming a uniform network in the film volume. Big Ge
nanoparticles with sizes between 20 and 50 nm are also formed. Some of them are
identified to be crystallized in the (Ge-I1II/ST12) tetragonal phase. The high resolution
TEM observation induces the amorphysation of the Ge tetragonal phase, followed by the
crystallization of the amorphous Ge phase in the cubic diamond structure (Ge-I), as an
effect of electron irradiation. A secondary annealing performed in N, at 800 °C and 1 atm
for 2 h induces formation of faceted cubic Ge nanoparticles distributed in the SiO, matrix.
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1. Introduction

The thin films of Ge nanoparticles embedded in amorphous SiO, matrix are extensively
studied for their photoelectric [1-3] and photoluminescent [4—6] properties and also for memory
effect [6—8]. This system can be obtained by several methods: co-sputtering from Ge and SiO,
targets (or Ge pieces attached to SiO, target) [9—-15], Ge ions implantation in SiO, layers [16—19],
sputtering the SiO,/Ge/Si0, multilayered structures [20—24], sol gel [13, 25-28].

All the films prepared by any of these methods are annealed for the formation of Ge
nanoparticles. The resulted structure and morphology of the GeSiO films depend on the
manufacturing method and annealing history. The evolution of films structure due to the annealing
can by observed in detail at nanometric scale by transmission electron microscopy (TEM),
specially using the cross-section TEM (XTEM) specimen preparation method.

In the most papers reported on Ge nanocrystals embedded in SiO, matrix, the XTEM
observations reveal only amorphous and cubic diamond structures of Ge [20, 29]. Ge-11I/ST12
phase was found in high pressure studies in both Ge bulk and thin films [30-32]. However, the
Ge-III structure was found at ambient pressure in free Ge nanoparticles (powders) prepared by the
naphthalide-mediated reduction of GeCl, treated with t-BuMgCl [33]. Ge nanoparticles with
tetragonal structure (Ge-I1II/ST12) were also evidenced in thick GeSiO films annealed in H,
atmosphere (2 atm and 500 °C) [13] by using TEM measurements. For this, microfragments were
mechanically extracted from the film surface using a thin diamond tip [34] which can be suspected
to trigger the formation of high pressure phases, similarly to the diamond indentation
measurements [35, 36].
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One of the problems concerning the GeSiO system is the generation mechanism of the
stress field during the annealing process performed for Ge nanocrystals formation. In GeSiO films
obtained by Ge ions implantation in SiO, films, the initial stress field produced during the
implantation process is relaxed by annealing [37]. In other case, also in implanted films, some
compressive stress is found from Raman studies [38]. In these two cases, no Ge-III high pressure
phase was reported. The compressive stress, strongly dependent on the annealing temperature and
Ge concentration is also reported [39] in films with Ge nanocrystals embedded in SiO, prepared by
co-sputtering followed by annealing. In this case, the compressive stress has the value of about 1
GPa, which is much less than the values corresponding to the formation of the Ge-III high pressure
phase in bulk Ge [31, 32].

In the present study, we aim to explain the presence of the Ge-III phase in the samples
annealed in H, and to elucidate if this phase is induced or not by preparation of TEM specimen
using the microfragment extraction preparation method. For this, all the TEM specimens are
prepared by the conventional cross-section method and a detailed XTEM study is performed.

2. Experimental details

The GeSiO films were deposited by radio frequency magnetron co-sputtering of SiO, and
Ge on quartz substrate (more details in Ref. [13]), so that an atomic Ge concentration of about 40 %
in the film was obtained. Ge nanoparticles are formed by Ge segregation in SiO, matrix during the
thermal annealing performed in H, at 2 atm and 500 °C for 2 h. The annealed films have about 2.5
pm thickness. A secondary annealing was performed in N, at 1 atm and 800 °C for 2 h.

The XTEM method was used for the preparation of TEM specimens. The samples were
cut in 0.5 x 2 mm pieces with a diamond wire saw. The pieces were glued face to face with M-
bond, and then a mechanical polishing and finally an ion milling in a Gatan PIPS 691 instrument
were performed. The conventional TEM measurements were carried out on a JEOL 200CX
electron microscope and high resolution TEM (HRTEM) and Energy Dispersive X-ray
Spectroscopy (EDX) investigations were made in a JEM ARM200F instrument.

3. Results and discussions

The low magnification XTEM image of all film thickness is shown in Fig. 1, which
reveals the presence of quite big nanoparticles with round or irregular shape distributed in all the
film volume. The EDX measurements made in probe mode on these big nanoparticles show the
major presence of Ge. The density of big Ge nanoparticles is not uniform, being higher near the
interface with the substrate.

]
-
=
b
—
W
=
-
o

Fig. 1. Low magnification XTEM image of the film.
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At intermediate magnification (images in Fig. 2), the big Ge nanoparticles appear in dark
contrast with different morphologies, their sizes being between 20 to 50 nm. The round ones show
more contrast and are similar with the particles showing tetragonal phase previously observed
[13]. Many of these big Ge nanoparticles are amorphous but some of them show traces of
crystallinity. However, the SAED patterns recorded on the XTEM specimens indicate an
amorphous structure (inset in Fig. 2). A similar morphology of the big Ge nanoparticles was
observed in the TEM study performed on microfragments extracted from the film, but in that case
the SAED patterns showed spots corresponding to the strong reflexions of tetragonal Ge-III phase.
The main spots evidenced in those SAED patterns belong to the (201) reflection (0.27 nm)
interplanar spacing, this being the strongest reflection of the tetragonal Ge-III phase [13].

3

Fig. 2. Conventional TEM image showing spherical big Ge nanoparticles in a thick area

of the XTEM specimen (left). The inset SAED pattern shows an amorphous structure.

Multibeam TEM image (right) of a similar area, in the thinnest part of the specimen,
showing big nanoparticles with modified contrast (A) and modified morphology (B).

In the thinnest areas of the XTEM specimen, the contrast of the big Ge nanoparticles
changes showing an inner ring (nanoparticle A in Fig. 2). Some nanoparticles appear with a
modified shape (nanoparticle B in Fig. 2) due to the ion thinning process, in the very thin areas of
the specimen. Fig. 2 also shows a network of amorphous small Ge nanoparticles with sizes
between 3 and 5 nm, uniformly distributed in the film volume. Some particles have intermediate
sizes, between 5 and 15 nm, but they are probably formed by aggregation of several small
nanoparticles, as the images contrast suggests. The main part of Ge species present in the film
segregates in these small amorphous nanoparticles and only few percents of Ge content form the
big Ge nanoparticles.

Detailed observations at high magnification taken in areas of the XTEM specimen with
thickness similar with the size of big Ge nanoparticles (about 50 nm) show (Fig. 3) a Ge depleted
zone around the big nanoparticle. In this depleted zone, the SiO, matrix is clear and no small Ge
nanoparticles are present.
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depleted zone

Fig. 3. HRTEM image of a round big Ge nanoparticle (40 nm) and the network
of the amorphous small Ge nanoparticles.

In the very thin area of the XTEM specimens, the big Ge nanoparticles are not spherical
(Figs. 2 and 4a). In such areas it is possible to record high resolution images of the big Ge
nanoparticle structure showing 0.27 nm lattice fringes. They are not stable under electron
irradiation and the lattice fringes contrast disappears in several seconds. However, the lattice fringe
image can be recorded in view mode, at the expense of a lower quality (see Fig. 4b).

Fig. 4. Multibeam XTEM image of a big Ge nanopatrticle with irregular shape (a) taken in
a very thin area of the specimen. The HRTEM detail (b) shows the presence of the 0.27 nm
lattice fringes, corresponding to the strongest (201) reflexion of the tetragonal Ge.

Figs. 5 a and b show the same area of the specimen in the beginning of the HRTEM
observations (see Fig. 5a), and after about one minute when the image becomes stable (see Fig. 5b).
In the beginning, the 0.27 nm lattice fringes are visible, then the lattice fringes disappear, and in
about one minute the 0.2 nm lattice fringes corresponding to the diamond cubic structure of Ge-I
appear.
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Fig. 5. HRTEM images of an initial area (a) showing 0.27 nm lattice fringes of Ge-III
phase. This area hecomes amorphous in several seconds and then re-crystallizes in the
cubic structure (b) and the HRTEM image becomes stable.

As mentioned before, the small Ge nanoparticles, forming the dense uniform network in
the film volume are amorphous. These amorphous nanoparticles appear as spherical dark contrast
nanoregions (Fig. 6).

The EDX measurements with the electron probe (3 nm) centered in a dark nanoregion, i.e.
centered on a small Ge nanoparticle, give a value of about 3.5 for the Ge/Si atomic ratio [40].
These results indicate the major presence of Ge atoms in the dark nanoregions, confirming that the
small amorphous nanoparticles are really of Ge.

Some of the small Ge nanoparticles show lattice fringes like contrast, corresponding to the
(111) lattice spacing of the cubic Ge (see Fig. 6b). However, even the recording of the HRTEM
image happens fast, in the very beginning of the specimen observation the effect of Ge
nanoparticle crystallization induced by the electron beam irradiation is also fast. So we cannot
really see at high resolution the initial structure of these small Ge nanoparticles without any
electron irradiation effect.

This effect of the electron irradiation upon the specimen can be easily seen by imaging in
low magnification the specimen area where the high resolution imaging was performed before (see
Fig. 6¢). Fig. 6¢ also shows the ripening effect of the electron irradiation. This effect is known for
the GeSiO system which is very sensitive to the electron beam-irradiation [41, 42]. In the
irradiated area, the Ge nanocrystallites are crystallized in the diamond cubic structure as revealed
by the high resolution images shown in Fig. 6b. At this stage, the HRTEM images become stable
under the electron beam.
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Fig. 6. (a). High magnification HRTEM image of the small Ge nanoparticles,
corresponding to the dark contrast nanoregions network. The nanoparticles are
amorphous, but some of them show the lattice fringes contrast corresponding to the cubic
Ge. (b). HRTEM image showing the cubic Ge crystallization in the dark nanoregions
under the electron irradiation. Lattice fringes correspond to (111) (0.326 nm) and (220)
(0.2 nm) of cubic Ge structure. (c). Low magnification TEM image showing modification
of the specimen structure, after several minutes of HRTEM observation. In the modified
area the Ge nanoparticles are bigger and crystallized in the cubic phase.

In order to establish the evolution of the GeSiO film structure during subsequent annealing,
the samples were heated at 800 °C in nitrogen atmosphere. This evolution is illustrated in Fig. 7
which shows the film structure after both the first and the second annealing, in the region of
interface with the quartz substrate where the density of the Ge nanoparticles is higher than in the
film volume.

This high density of Ge nanoparticles near the SiO,/Si interface is due to the mobility of
the Ge in the film structure, which goes out from the film volume. So, the Ge diffusion stops near
the substrate interface and forms a quasicontinuous layer separated from the substrate by a several
nanometres thick SiO, layer, this effect being observed in many papers [25, 39, 42].
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Fig. 7. (a). Low magnification TEM images comparing the film structure at the interface

with the quartz substrate, after the first annealing at 500 °C in H, and after the second

annealing in N, at 800 °C. At the interface region between the film and the substrate the

density of the nanoparticles is higher than in the film volume forming a quasicontinuous
layer.

After the annealing at 800 °C, the two types of morphology for the Ge nanoparticles
disappear, so that all Ge crystallites have the same morphology. In this case, the Ge crystallites are
facetted (Figs. 7 and 8), they have the diamond cubic structure (Ge-I) and sizes between 20 and 50
nm. Fig. 8 shows a high resolution image of a cubic Ge nanoparticle near [110] orientation. The
Ge crystallites show inside defects as staking faults and nanotwins and have mainly (111) facets.

Fig. 8. HRTEM image of a cubic faceted Ge nanocrystallite after the sample annealing in
N, at 800 °C. The inset fast Fourier transform pattern indicates the [110] close orientation
of the structure.
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The presence of the two types of Ge nanoparticles after annealing in hydrogen suggests
the presence of two types of segregation mechanisms by which the big Ge nanoparticles and the
uniform network of amorphous small Ge nanoparticles are formed. In the first mechanism, the
segregation can start from existing Ge nuclei, originating from the fluctuation of local Ge
concentration and having enough time to collect many Ge species, leading to the formation of big
round nanoparticles with a well defined interface between them and SiO, matrix. The second
mechanism is a uniform nucleation of Ge clusters in all the film volume, leading to the formation
of the small Ge nanoparticle network. After the uniform nucleation, the Ostvald ripening process
can work inducing a separation between the big Ge nanoparticles and the network of small Ge
nanoparticles by formation of the depleted zone around the big nanoparticles (Fig. 3). The
annealing in H, at 2 atm and 500 °C is not sufficient to crystallize the network of small Ge
nanoparticles. Probably in this case, the small Ge nanoparticles contain unreduced GeO, which
prevents the crystallization process. In the literature, the crystallization of Ge nanoparticles is
reported at higher temperatures, between 700 and 900 °C [39, 43].

The high density electron irradiation during HRTEM observations increases the local
temperature but also increases the local diffusion of the species due to the irradiation enhanced
diffusion effect. This can produce a relaxation of the local irradiated area and destabilizes the
metastable Ge-III phase present in the specimen structure. This can explain the rapid
amorphysation of the tetragonal Ge structure under the electron irradiation. However, this effect
does not happen in the case of ST12 (Ge-III) Ge nanoparticles obtained by chemical route [33]. A
better stability of the free small nanoparticles under electron irradiation is a known effect,
previously observed on AgCl nanoparticles [44].

On the other hand, during the ion thinning process performed for the XTEM specimen
preparation, the very thin area of the specimen partially relaxes. Thus the tetragonal Ge crystallites
can become partially amorphous. This process is not complete and some lattice fringes can be
observed after ion thinning. Consequently, the total crystallinity of the sample becomes too low to
be revealed by the SAED patterns. Also, during the ion thinning, the spherical shape of the Ge-III
nanoparticles becomes irregular in the areas where the specimen thickness is less than the Ge-III
particle size.

In the case of TEM specimens prepared by the extraction of microfragments from the film
[13], the observed transparent areas on the edges of the fragments are much thicker and the film
structure relaxation is probably limited, keeping more Ge-III phase enough for the SAED
collection data.

More than that, the high pressure phases induced by diamond indentation are demonstrated
to be stable for the film kept on the substrate and are probably less stable or they are not present in
the detached microfragments. Our experience on microfragments obtained from oxide films
deposited on silicon substrate using diamond tip extraction shows the presence of a lot of defects
in the silicon substrate, but not the presence of a high pressure phase of silicon. So, in our opinion,
the Ge-III phase found in the film microfragments is induced by the annealing process and not by
the TEM specimen preparation.

In any case, the presence of traces of the Ge-III phase in the XTEM specimens shows that
this phase already exists in the annealed film. The XTEM preparation method can only partially
destroy this phase during specimen preparation.

The major part of Ge (about 40%) is segregated in the small amorphous Ge nanoparticles
network. This network is responsible for the conduction mechanism in the sample, as we already
demonstrated [40]. It is difficult to consider that all these nanoparticles are only amorphous. The
problem is that the GeSiO system is very sensitive to the electron beam irradiation and these
nanoparticles crystallize very fast in the cubic diamond structure of Ge. Even if we used the
electron beam with its smallest intensity which makes possible high resolution imaging, the
crystallization effect becomes visible in seconds.

Finally, we can imagine the following scenario. The initial deposited GeSiO film with
amorphous structure has some important fluctuations of local concentration of Ge species which
probably result from the nonuniform structure of the target (SiO, target with Ge pieces attached).
In the areas with maximum Ge concentration, the local stress field and the Ge supersaturation are
also high. This leads to the formation of local Ge nuclei built on the existing Ge clusters which can
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have a different structure in respect to Ge-1. At the beginning of the annealing process in H,, these
nuclei grow, collect the Ge species from the surrounding area and become big Ge nanocrystals
with Ge-III structure and spherical morphology. So, the formation of big Ge nanocrystals with Ge-
IIT structure relaxes the stress field in the matrix and the homogeneous nucleation which takes
place in the whole film volume by Ge species segregation leads to the formation of the network of
small amorphous Ge nanoparticles.

In our opinion, the relatively large thickness of GeSiO films (2.5 um) together with the
annealing conditions we have chosen (H, at 2 atm and 500 °C) are favourable factors for the
formation of the big Ge nanocrystals with Ge-III structure in our films.

4. Conclusions

We conclude that the presence of the metastable tetragonal high pressure (Ge-I1I1I/ST12)
phase of Ge in the H, annealed film structure is due to the generation of a local stress field. This
stress field is produced by the Ge segregation processes during annealing in the GeSiO films in the
places where the initial concentration of Ge species has maximum fluctuation value. These places
act as initial nuclei for the Ge segregation and growth of the big Ge nanoparticles. As the stress
field is quite low, the growth of Ge-III phase is possible only by a mechanism related to the
structure of the initial Ge clusters in the deposited GeSiO film, which can be different from the
structure of a Ge cluster formed by thermal nucleation. The high resolution observations of these
structures induce the amorphysation of the metastable Ge-III phase and finally the crystallization
of the amorphous Ge nanoparticles in the stable cubic Ge-I structure. The subsequent annealing at
800 °C in N, relaxes the structure and the high diffusivity of Ge atoms at this temperature leads to
the nucleation and growth of the faceted Ge nanocrystals with the diamond cubic (Ge-I) structure.

This work shows that the TEM specimen preparation method and the TEM observations
conditions are important for the correct estimation of the structure.
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