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Abstract-In this paper we continue the previous
investigations on nanostructured Ge,Si,., films. The films
were deposited by magnetron sputtering and annealed in
N, atmosphere at 700 °C. Their structure was
investigated and correlated with the electrical behavior.
For this, conventional and high-resolution transmission
electron microscopy together with selected area electron
diffraction was used. Electrical measurements of
current-voltage and current-temperature curves were
made. The majority of crystallites that forms the films
have the composition GesSisg and 15 — 30 nm size. The 1
— T characteristics have Arrhenius dependence, with two
activation energies interpreted as transitions between
quantum confinement levels.

Keywords: SiGe nanocrystals; Magnetron sputtering;
TEM; electrical properties.

1. INTRODUCTION

GeSi nanocrystals (GeSi ncs) have received
much attention in recent years, due to their
interesting  electrical and  optoelectronic
properties, which are very promising for
improving of nano-based devices [1—5]. Thus,
GeSi ncs present strong quantum confinement
(QC) effect, compared with Si ncs and have the
advantage of the fine tuning of energy band
structure [6, 7], by alloying. These properties
recommend them for optoelectronic devices
which work from mid to far infrared range [8, 9].

The films containing GeSi ncs embedded or
not in amorphous SiO, matrix are usually (co-)
deposited by the magnetron sputtering method
followed by the thermal annealing [4, 10, 11].

In this work, we draw our attention on
preparation, structure and electrical
investigations of GeSi nanostructures. The
preparation of films is described and the results
obtained from structure investigations and
electrical characterization (current-voltage, / — V
and current-temperature, / — 7 measurements) are
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presented and discussed.

2. EXPERIMENTAL

Amorphous Ge,Sij, layers were prepared
using a magnetron sputtering deposition
equipment with a confocal geometry [12]. The Si
and quartz substrates were wet cleaned, keeping
the native SiO, layer of about 4 nm thickness on
Si wafers. The deposition chamber was evacuated
to <10~ Torr and then, Ar (5N) was introduced
into the chamber. The deposition was performed
in DC regime using two targets of Si and Ge
respectively, for a chosen Ge:Si composition of
55:45. The Ar flow was maintained at 20 sccm,
ensuring a 4 mTorr work pressure. The deposition
was followed by annealing in purged N, in a
conventional atmospheric oven at 700°C. For
electrical measurements, Al electrodes were
thermally deposited in a coplanar geometry.

To further observe the microstructure of the
GeSi films the conventional transmission electron
microscopy (TEM) and high-resolution TEM
(HRTEM) together with selected area electron
diffraction (SAED) were used. The specimens for
TEM were prepared by the conventional cross
section method. TEM and SAED images were
collected using the JEM ARM 200F high
resolution electron microscope. The structure
investigations were made on films with Si
substrate (native oxidized), allowing the SAED
with Si lattice reference. The films microstructure
is the same for both quartz and Si substrates.

Electrical measurements (/ — V and / — T) were
performed on annealed samples deposited on
quartz. The electrical measurements were
performed in a cryostat (10 — 500 K), using a
6517A electrometer and a temperature controller,
and controlled by a program developed in
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LabVIEW 8.5.1 environment.

3. RESULTS AND DISCUSSIONS

Figure 1 shows the low magnification images
of the GeSi layer deposited on Si substrate in two
situations: as deposited and after annealing at
700 °C. As one can see, the initial structure of the
film is amorphous and after annealing it is
crystalline. At the same time, the film thickness
diminishes from 185 nm before annealing to
160 nm after it. The as grown film has a porosity
in-between the columnar morphology and it is
visible as white traces perpendicular to the film
surface.

Fig. 1. Low magnification images of the as grown
film and annealed one at 700°C.

Fig. 2. HRTEM images of the film/substrate interface
before and after annealing.

Figure 2 presents the native SiO, layer on Si
substrate at the interface with the GeSi film, with
3.5 nm thickness unchanged after the annealing
process.

The precise films thickness determinations
were performed after orientation of the specimen

in the microscope with Si substrate in <110> zone
axis. This orientation corresponds with the exact
alignment of the electron beam axis with the
surface of the GeSi film. This alignment can be
observed in high resolution images in Fig. 2 and
in SAED pattern in Fig. 3.

Fig. 3. SAED diffraction pattern from an area selected near
the Si interface, which shows diffraction spots from the GeSi
film and the Si substrate: a) the Si substrate is in <110>
orientation, and the spot 111 of Si is well aligned with a
group of spots coming from the GeSi ncs; b) a 15 time
magnification image of the 111 group of spots from a).

The SAED was collected from an area with
150 nm diameter which also contains some part
of the substrate. This pattern (Fig. 3) shows spots
from the <110> zone axis of the Si substrate and
reflections coming from the GeSi crystallites in
the GeSi film. The area selected for the SAED
pattern and the position of this area were chosen
to obtain a diffraction pattern where the intensity
of the reflection spots coming from the film and
the substrate are quite equal. This gives the
possibility to measure the lattice constant of the
GeSi crystallites having the Si lattice parameter
as reference. This is exposed in the detail of the
diffraction spots in Fig. 3b. This analysis shows
the presence of a dispersion of lattice constant,
corresponding to a variation of the Ge content in
the GeSi lattice.

The majority of the spots coming from the
GeSi crystallites (in the area b, GeSi spots located
at a distance of 0.07 nm') show a lattice
parameter of 0.555 nm, which correspond to the
GeSi 50/50 composition. However, some of the
crystallites indicate a larger lattice parameter of
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about 0.563 nm, which correspond to the GeSi
85/15 composition (in the area a, some spots are
located at distance of about 0.11 nm™). This
shows that the initial composition of GeSi
(55/45) assured by the magnetron sputtering is
distributed in a large number of stoichiometric
GeSi 50/50 crystallites and others (much less)
which have a higher concentration of Ge.

After annealing, the film crystallizes and its
thickness decreases, in respect to the thickness of
the as deposited film, by elimination of the inside
porosity (XTEM images in Fig. 1). This initial
porosity appears in-between the columnar
growth morphology which is very common for
sputtered films. The annealed films have no
porosity at the boundaries between the
crystallites (Fig. 1) and the sizes of crystallites
are in the 15 — 30 nm range.

The I — V characteristic taken at room
temperature on annealed film is presented in Fig.
4. As one can see, the curve is symmetrical in
bias polarization, linear at low voltages (around
0 V) and superlinear up to 5V.

Fig. 4. I — V characteristic measured at room temperature,
on annealed film.

The I — T characteristics measured in the 80 —
300 K temperature interval, for different bias
polarizations (1, 3 si 5 V) are given in Fig. 5.
These curves have an Arrhenius dependence on
temperature and present two activation energies
at low and high temperatures, namely E =
0.15 eV and E ;= 0.23 eV, respectively.

Taking into consideration the results obtained
from microstructure measurements, i.e. the GeSi
films are formed mainly of GeSi ncs with rather
high diameters (15 — 30 nm), we can apply our
QC model [13, 14, 15, 176] in order to identify
the QC levels on which the electron transitions
take place.

We have to remark that the QC model is a
very good approximation in the case of small

nanocrystals (quantum dots), but we can use it in
order to estimate the average diameter. In our
films, the crystallites are large enough to have an
energy band structure formed by quasibands (and
not by discreet QC levels).

Fig. 5. [ - T curves taken on films annealed at 700°C.

By considering as initial data £, and E,
obtained from experiments, we determined the
average diameter of crystallites and compared it
with the value obtained from the microstructure
measurements. We used the effective mass of the
stoichiometric composition of GeSi bulk
semiconductor, m* = 0.26 m,, where mq is the
free electron mass. The electron transitions take
place between levels |n,/> and |r’,/>>, so that Al =
0. Thus, the transition corresponding to E,; is
between |1,2> and |2,2>, and corresponding to E,;
is between [2,2> and |3,2>. The determined
average diameter is 15 nm, instead of 20 nm
(experimental value). This rather high difference
between the calculated and the experimental
diameters appears because the QC model is
applicable to small nanocrystals. Therefore, we
can conclude that electron transitions take place
between the energy quasibands (or at least
between energy levels with width higher than 7).

Transport mechanisms depend on film
morphology by the crystallinity, nanocrystals
sizes and their distribution in the film [17-19]. In
this frame, the superlinear / — V' characteristic can
be explained by a percolation process taking
place in the percolative system of GeSi formed by
nanocrystals [20].

4. CONCLUSIONS

In this paper we investigate the structure and
electrical behaviour of GeSi films deposited by
magnetron sputtering on both Si and quartz
substrates, followed by thermal annealing at
700°C. The as deposited films are amorphous and
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porous. By annealing, the films crystallize and
their thickness diminishes from 185 nm to 160
nm. Also, the thickness of the native SiO, layer
existing on the surface of the Si wafers remains
unchanged after annealing. The SAED and
HRTEM investigations reveal that the GeSi films
are formed by a majority of GesoSiso ncs with
sizes in the 15 — 30 nm interval, but crystallites
with high Ge content, i.e. GegsSijs, were
evidenced, to0o.

The I — T characteristics present two activation
energies at low and high temperatures, namely
E,=0.15¢eV and E,;= 0.23 eV, respectively. We
applied our QC model and identify the activation
energies as transitions between QC levels. Thus,
to £, and E,, correspond the transitions between
[1,2> and |2,2>, and between [2,2> and |3,2>,
respectively. I — V characteristics are explained
by a percolation process taking place in the GeSi
films formed by nanocrystals.
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