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CONDUCTION MECHANISMSIN SILICON-BASED NANOCOMPOSITES
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Electrical conduction mechanisms in S — SiO, nanocomposite films were experimentally
investigated and theoretically modelled. The films with silicon volume concentration varying
from 0 % to 100 % were deposited on rectangular quartz substrates. They were prepared by
co-sputtering CVD from two targets, one of silicon and one of silicon dioxide. Their middle
part is formed by Si nanodots embedded in SIO,. 50 parallel duminium eectrodes were
deposited, forming 49 coplanar samples, centred around X = 45 % Si concentration. The
microstructure investigations proved that the silicon nanodots have diameters between
4nm (x = 23 %) and 36 nm (x = 81 %). The current — voltage characteristics were measured at
room temperature, in the — 25 + + 25 V interval. The obtained curves are symmetric and
superlinear. As the current — voltage characteristic is determined by the maximum resi stance
met by the carriers in their path, the experimental curve is modelled by the field-assisted
tunnelling under Coulomb blockade. The used parameters are correlated with previous results
obtained on nanocrystalline porous silicon. The correlation coefficient between the theoretica
formula and the experimenta datais greater than 99.95 %.
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1. Introduction

The leading material in the ultra-large scale integrated dectronics is the silicon. Integration
and economy of scale are the two major elements for its technological success. 10° transistors and
information transfer lengths of 15 km in a single chip are common today [1,2]. Low dimensional
silicon presents a great interest for the scientific world because of both the quantum effects that confer
it new properties and the possibility of using it in nano- and opto-d ectronics.

The first low dimensiona silicon system intensdy studied was the porous silicon (PS). The
interest in PS was aroused by its photoluminescence in the visible range with high quantum efficiency
at room temperature (RT) [3,4]. However, the hope of using PS in integrated optod ectronics could
not be achieved because of the impossibility of caibrating the nanocrystals, and of the
surface/interface effects that strongly interfere with the quantum processes [5-8].

The Si — SIO, nanocomposites partially surpass these troubles [9]. One can cdibrate the
nanodots, but the optical and dectrical properties cannot be properly matched yet. One of the main
problemsto be studied in this context is that of the e ectrical transport. Several studies were made and
different models were proposed to describe it. Among them were (i) the hopping process a low
temperatures and thermal activation at high temperatures [10], (ii) the Poole-Frenkel mechanism [11],
(iii) the fractal percolation [12], (iv) the generation-recombination phenomena in the depl etion region
[13], (V) the dangling bonds [14], and (vi) thermally assisted tunnelling [15-17].

In this paper, the conduction mechanism in Si — SiO, nanocomposites is investigated. Section
2 presents the preparation and the current — voltage measurements. The mode of the field assisted
tunnelling under Coulomb blockade [18-20] is analyzed in Section 3. Section 4 discusses the
experimental results in the frame of the model and the last Section presents the conclusions.
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2. Experimental

Si — SiO, nanocomposite films were deposited by co-sputtering of Si and SiO,. The targets
are formed by two attached semicircles of S and SiO,. The quartz dide substrate, with a length of
13 cm, islocated 5 cm above the targets. This configuration allows the deposition in asingle run of a
film with variable concentration of Si from practically x = 0 vol. % to practically x = 100 vol. %. The
sputtering takes place in a pure (99.9995%) Argon atmosphere, at a pressure of 19 mTorr. The
thickness of the films obtai ned after 12 h sputtering is 9 pm. The annealing of the films at 1100 °C for
30 min in a N, flow was necessary for the nucleation of crystallites. The samples for dectrica
measurements were prepared by evaporation of 50 parald Al contacts in a coplanar configuration
Each éectrode has 7 mm long and the distance between two consecutive dectrodesis 1 mm.
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Fig. 1. Current — voltage characteristics: x; = 67 vol. %, X, = 69 vol. %, x3 = 72 vdl. %, and
X4 = 74 vol. %.

The current — voltage measurements were performed at room temperature (RT) using a
Keithley 642 dectrometer and an Agilent E3631A d.c. power supply. Fig. 1 illustrates the current —
voltage characteristics of three samples with Si concentrations of 67, 69, 72 and 74 val. %. As one can
see, the curves are d most symmetric and superlinear.

3. Theoretical model

Two phenomena determine the dectrica behaviour of the nanodots films: the carrier
ballistic movement inside the nanodots and the transport between them, respectively. If the crystalline
nanodots are embedded in a matrix, the transport between them depends on the matrix materia. The
carriers move mainly by tunneling for insulating matrices. The current — voltage behaviour is
determined by the maximum resistance part from the minimum resistance path. Therefore, the current
— voltage characteristic is dominated by the tunnelling.

Due to the Coulomb blockade, one cannot find more than one non-compensate carrier inside
ananodot. The fidd assisted tunnelling under Coulomb blockade is described by the formula[18-20]

| = alp expl-As T8 )~ (6 +aU, Jexpl- AsTky /& +aU, |, &)

where a is a proportiondity constant, ¢ and As are the mean height and width of the potential barrier,

and y = ,/8m*/h2 , m* being the carrier effective mass. If the tunndled barriers can be considered as

roughly equal, U, = U/N, where U is the bias applied to the sample and N the mean number of
barriers.
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where 1o =|a|(®, Uy =N®/|d and a=2s0y./¢ . sign(a)=sign(q) because the current has the
same sign with the bias. In addition, the super- or sub-linear character of the | =1(U) curvesis given
by the charge sign. For super-linear curves, q =-e, where e is the dementary charge. Consequently,

Eq. (2) becomes
=1, Eﬁgn(U)[Hl—%Je(p[—a /1—%J—exp(—a)]. ®3)

It results that one cannot determine al the four theoretical parameters (a, N, As, and ¢), but
only the fit parameters |y, Ug and a.

Eq. (1) can betranscribed as

C

I =1 Eﬁgn(a)Eﬁgn(U)E{ap(- a)-(“ SJign(a)|
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4. Results and discussion

Fig. 2 presents the fit of the experimental curves from Fig. 1 with the relation (3). The fit
parameters are lgp = 19.433 A, Up = 205.11 V, a = 25.844 for the first curve, lp = 5.157 A,
Uo =195.16 V, a = 23.973 for the second, o= 25.252 A, Uy = 258.67 V, a = 24.333 for the third, and
lo=34.234 A, Uy =291.79 V, a = 24.132 for the fourth. For all the curves, the corrdation coefficient
is greater than 0.9995.

From previous measurements performed on nanocrystalline porous silicon it results that the
height of the Si — SOy (x>1) potential barrier is ¢ = 2.2 eV [21]. If thisvaueis considered as a good
approximation for Si — SO, barrier, then the parameters for the three curves are N; (193, N, [0 89,
Nz =118, N, 0133, and As; OAs, OAss OAs, 1.6 nm.

It has to be remarked that the mean number of tunndled barriers N does not represent the
whole éectron path. The rest of the path is crossed by the e ectron through less resigtive inter-partic e
junctions. This part of the path does not significantly influence the current — voltage characteristic
[19].
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Fig. 2. Theoreticd fit (solid lines) of the curvesfrom Fig. 1 ( : curvel, +: curve 2, o: curve 3,
x: curve 4).
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This general behaviour, obtained here in the coplanar configurati on and the fact that similar
behaviours have been found for non-rectifying contacts of Al in sandwich configuration [22] suggest
that the non-linearity is associated with a bulk and not a contact effect.

5. Conclusions

Current — voltage characteristics measured in coplanar configuration on Si — SO,
nanocomposite films are symmetric and superlinear.

The theoreticad modelling shows that the dominant conduction mechanism is the fidd
assisted tunnelling under Coulomb blockade.
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