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Abstract: The paper presents different classes of silicon-based nanostructured materials.
Their microstructure is investigated by means of conventional and high-resolution
transmisgon electron microscopy. Both equilibrium and non-equilibrium electrica properties
are studied, in atemperature range that goes from liquid nitrogen to room temperature. Some
opticd properties are also considered. Quantum confinement effects are evidenced and
model ed.
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Silicon-based nanostructured materids
1. INTRODUCTION

The great interest aroused by the nanocrystalline silicon films has originated in the
discovery of the bright photoluminescence (PL) at room temperature (RT) of the porous
slicon (PS) [1, 2], as well as of silicon nanodots embedded in silicon doxide (see[3]). This
fad suggested the posshility of using nanocrystalli ne silicon (nc-Si) in optoeledronics [4-7],
that would be very convenient as the silicon is the most used material in micro- and nano-
electronics. For optoel ectronic devices, multiquantum wells and superlattices with nc-Si layers
are used. The spedfic properties of nc-S also lead to ather possble gplicaions, such as gas
sensors[8-10], or cgpacitors [11].

Eledron microscopy studies of nc-Si films have shown various microstructure aspects,
depending on the preparation conditions [5, 12, 13]. Highresolution imaging exhibits
complex fractal geometry for PSand multi-twinning of the nanodds.

The dedrica transport properties of nc-Si are determined mainly by its microstructure.
Various transport mechanisms were investigated to explain the different experimenta results,
and several models were propaosed: hopping at low temperatures and thermal activation at high
temperatures [14], Poole-Frenkel mechanism [15], fractal percolation [16], generation-
recombination phenomena in the depletion region [17], dangling bonds [18], thermally
asdsted tunreling [19-21], and tunneling under Coulomb bockade [22].

In this paper several aspects concerning the microstructure, eectrical behavior and
photoluminescence of nc-Si are discussed. Section 2 deals with preparation of PS layers and
Si/SiO, nanocomposite films. Their microstructure is analyzed in Section 3. In Sedion 4,
experimental measurements of the cnduction properties, together with a theoreticd model,
are presented. The photoluminescence of these films is gudied in Sedion 5. In the last
Sedion, concluding remarks are presented.



2. PREPARATION

The nanocrystalline PS layers were obtained by eledrochemica etching [23-25]. P-type
(100) S wafers (5-15 Wem resigtivity) were etched using HF (49%)-C,HsOH (1:1 volume
ratio), under constant 5 — 15 mA/cm? current density. After the etching, the samples were
illuminated for 1.5 — 3 min in stu with a Xenon lamp, in order to activate the
photoluminescence. Some of the samples were oxidized. Al eledrodes in sandwich
configuration were thermally depaosited.

The SI/SIO, nanocomposite films were prepared by co-sputtering. Two semicircle
targets of 13.2 cm diameter and containing Si and SiO, respectively were used. The quartz
dide substrate was locaed 5 cm above the targets. The sputtering took dace for 12 hours
under aresidua pressure of 5x107 Torr, in a pure (99.9995%) Argon atmosphere of 19 mTorr.
A RF voltage between substrate and target of 110 V, and a forward power of 180 W were
applied. Under these conditions, films with variable Si concentration in SO, (from x = 0 val.
% to x = 100 vol. %) are obtained at a single deposition. Their thicknessis about 9 nm and the
center of the dlide orresponds to x = 45 vol. % of silicon. 50 parallel Al eledrodes were
deposited in a aplanar configuration.

3. MICROSTRUCTURE

To study the microstructure of nc-Si (PS and Si/SIO, nanocomposites), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) with selected area
electron diffradion (SAED) methods were used [25, 26]. These investigations were performed
with aTEMSCAN JEOL 200CX analytic dedron microscope and a high resolution TOPCON
002B microscope.

The investigated PS films have thicknesses of 10 and 15 nm. The ion milli ng was made
by a Gatan instrument with two argonionguns at 3.5 kV. The TEM cross-sediona spedmens
were prepared with M-bond glue. In order to have the fluid due penetrating the pores, it was
heaed only after 24 h. The TEM specimens of Si/SIO, nanocomposites were prepared by
scratching the sample layer with a diamond knife and collecting the small fragments on a
carbon gid.

Fig. 1 ([25]) presents SEM crosssedional images of PS film fractured near the (100)
and the (110) Si planes. One can olserve an aveolar columnar structure, with non-regular
pores of 1.5 — 3 mm diameter (hereafter called maaopaes), that go through the whole PS
layer thickness The walls separating them have 100 — 200 nm thicknesses. Therefore, the
estimated macroporosity of filmsis abou 80%.

The dveolar wall s were investigated by TEM. The TEM image of the [110] orientation
projedion of the alveolar wall is presented in Fig. 2a [25]. Fig. 2b shows a high resolution
detail and Fig. 2c the corresponding SAED pattern. One can seethat the crystalli ne structureis
perfectly conserved. The fringes acing d 0.314 nm correspords to the {111} lattice plane
spacing for S crystals (0.3135 nm). This {111} plane spacing alows us to estimate the
nanocrystallite sizes (1 — 3 nm). The nanoporosity of the dveolar wallsis less than 50 %. The
walls are structured in a nanowire network and thus the PS films present a dowle scde
porosity.



Fig. 1. - SEM images of the crosssedions of PS film (fradured silicon wafer): (a) image of
crosssection rearly parallel with (100) plane of silicon (perpendicular to PSfilm) and (b)
image of an odique aoss :dion realy paralle to the (110) cleavage plane of silicon [25].

Fig. 2. - Nanostructure of the dveolar wall viewed in (&) [110] orientation and (b) high-
resolution detail with (c) the crresponding SAED pattern [25].

Fig. 3 shows the high resolution TEM image of the Si/SiO, nanocomposite in the region
with x vol. %. One can okserve arather non-uniform distribution of Si nanocrystallitesin
an amorphous SiO, matrix and a so the presence of nanotwinsinside the Si nanocrystallites. It

is important to remark that while the silicon crystallites increase in size with the silicon
concentration, they remain isol ated.



Fig. 3. - HRTEM image showing the presence of the nanatwinningin the silicon
nanocrystallites.

4. ELECTRICAL TRANSPORT

The current+voltage (I + V) characteristics at room temperature (RT) and the current+
temperature (I £ T) ones were taken using a Keithley 642 electrometer, a Keithley 2000
multimeter and an Agilent E3631A d.c. power supply.

Fresh PSsamples have aslow rectifying behavior in the whole voltage range [24]. On
the ontrary, the oxidized samples have a strong redifying behavior (Fig. 4a[24]). Up to 2.2
V in forward bias the aurve is exporential, and then it becomes practicaly linear, due to the
very high series resistance of the PSfilm. At the same time, in this quasi-linea region, one
can observe anumber of percolation thresholds. The | £ T curves for PS were measured in the
150 + 300 K range, a low voltages (1 + 2 V), for both fresh and oxidized samples. Fresh
samples have one ativation energy (0.49 + 0.55 eV) on the whole temperature range [24],
while the oxidized ores present two adivation energies (Fig. 4b, [24]). At low temperatures
the ativation energy is 0.50 + 0.60 eV, while over abou 280 K, a new activation energy of
1.20+1.80 eV appeas.

| £ V charaderistics for Si/SiO, samples are shown in Fig. 5. The three arves
correspord to the Si concentrations of 68, 70 and 73 vol. %. The curves are practically
symmetric and superlinea. From the microstructure investigations it results that the crrier
transport takes place mainly by tunneling under Coulomb blockade [27-29]. The
correspording relations are in excellent agreement with the experimental data The | £ T
dependence was measured between the liquid nitrogen temperature and RT on the 73 vol. %
Si concentration sample, for biases of 1, 4, 5, and 25 V. For all the biases, two values for the
adivation energy, E; = 0.30 €V and E, = 0.51 eV, were found.



Fig. 4. - () | £V charaderigtic for oxidized PS samples at RT [24]; (b) | + T characteristic for
oxidized PSsamples. ,=2V (‘+ onc-S), ,=-2V[24].

Fig. 5. - | £V charaderisticsfor Si/SIO, at RT.

To explain the mnduction roperties of the nc-Si films we have proposed a quantum
confinement model [24, 25, 30, 31]. In the case of the PS films, the ratio between the
nanowire length and diameter is about 10° + 10*. Therefore, the dectron Hamiltonian can be
splitin a 1D longtudina part (along the wire) and a 2D transversal one. The longtudinal part
correspords to a 1D crystal with a direct band gap. The transversal part is modeled by a 2D
infinite quantum well. Both circular and square symmetry of the quantum well were
considered. Then, the electron energy is
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where eﬁykz is the shifted energy of the longitudinal motion, E,, are the discrete levels of the

transversal motion (by definition, Eyo®0), m* is the transversal effective mass d is the wire
diameter (for square well, d is the square diagonal) and 7 ,=p X, represents the p-th zero of

the Bessel function Ji(2) for circular symmetry or X , = yI 24 p2 for square symmetry (with
2p=n,+ ny and 2l = |nX - ny| , N, and n, being the infinite square quantum well numbers).

In both cases, | represents the orbital quantum number.

Thus, the quantum confinement introduces discrete levels into the enlarged band gap of
the 1D wires, so that E;, can be identified with the activation energies measured inthe | £ T
charaderistics. The ratio of the first two activation energies is Ey,/Eq; (Since alongtudinal
electric field cannot produce a orbital motion) and has the value 2.799 for circular symmetry
and 2.667 for square one, while the average experimental value is 2.727. For the red finite
quantum well (of 2.2 eV, seethe | £V charaderistics), thisratio is modified with about 0.7 %
for both symmetries. From Eq. (1), with m*@.66my, one dso oltains for an average
adivation energy of 0.55 eV adiameter of 3.2 nm for circular symmetry and 3.5 nm for square
ore.

During the hesting, the eectrons will be ecited from the valence band to the second
energy level only after the first one will be fully occupied. The degeneracy of the levelsis
proportional to d?, so it is reduced by oxidation. Therefore, the diameter decrease will produce
a deaease of the temperature & which the first level is fully occupied and then a second
adivation energy will appear.

A similar model can be used to describe the behavior of the nanodots network in
Si/SiO,. For spherical symmetry, the energy levels E , will have the same expression, with z
the p-th zeroes of the sphericd Bessl functions j(2). The Coulombian repulsion forbids the
presence of more than one non-compensated carier in a nanodot. Then, the activation energy
of the dark current is given by the difference between the mnsecutive energy levels. If the
applied eledric field is grong enough, it will imply the alditiona condition d the angular
momentum conservation. The ratio of the observed activation energies is E,J/JE; = 1.70,
correspording to E; = &, + &pand E; = &y, + &4, with amean nanodot diameter of 3.9 nm.

5.PHOTOLUMINESCENCE

In nc-Si, the bright PL in the visible range (unuwsual for bulk Si) is due to both quantum
confinement and surface/interface éeds. The PL of PS was measured at RT. The samples
were excited with monachromatic light (/ = 352 rm, P = 1 W) from a krypton laser. The
chopping frequency was 433 Hz. The detection was made with a GaAs photomultiplier (+30
°C, #1500 V). Fig. 6 [32] presents four PL spectra. Curves 2 + 4 correspord to dfferent
anodzation (t,) and illumination (ty) times during the samples preparation. For the first time
the broad PL band (1.4 + 2.2 €V) was 9lit under experimental condtions in two subbands
with maxima situated at 1.54 eV (curves 3, 4, ty =2 min) and 1.72 eV (curve 2, ty = 3 min).
While the ill umination time modifies the pe&k pasition, the aodization time determines the
intensity (the film thickness t;z = 90 min, t3,=30 min). The enveloping curve 1, taken on the
sample 2, after 16 weeks of storage in air, contains both subbands of the visible PL.



Fig. 6. - PL spedrataken at RT on PS samples with different preparation condtions[32].

Similar PL results with those on PS were obtained on S/SiO; a small Si concentration
(under the dectrical percolation threshold). The maximum position shifts towards higher
energy with the decrease of the nanodot diameter, i.e. of the Si concentration. No PL was
observed on samples with significant electrical transport, due to the interface non-radiative
recombination.

6. CONCLUSIONS

The PS microstructural investigations $iow a two-levels porosity: a system of columnar
maaopores that crossthe whole film thickness and a nanopae structure of the aveolar walls
that forms a nanowire network. Si/SiO, nanocomposites are formed by Si (multi)twinned
nanocrystals embedded in amorphous SiO, matrix (for concentrations around 50 % Si).

The mnduction properties of both PS and Si/SIO, films are mainly determined by their
nanostructure, i. e. by the quantum confinement of the carriers into the nanocrystals. For the
nanodots, the Coulomb blockade is aso significant. This allows a good description d these
phenomena by means of a quantum confinement mode!.

The bright PL in the visible range of nc-Si is aresult of both quantum confinement and
surfacdinterface éfeds. The maximum position shifts to higher energy when the nanocrystal
sizes deaease. In SI/SIO, nanocomposites, the PL disappeas when the Si concentration
surpasses the percol ation threshol d.
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