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Abstract

Thin films of SiO, (x = 1.15, d = 1 and 2 pum), deposited by thermal vacuum evaporation of
SiO on n- and p-type crystalline Si or quartz substrates, and then furnace annealed at 250, 700
and 1000 °C, are studied. Optical and infrared transmission measurements prove phase
separation upon annealing at 700 and 1000 °C and growth of amorphous Si nanoparticles upon
annealing at 700 °C, whose optical band gap is ~2.6 eV. High-resolution electron microscopy
data confirm growth of Si nanocrystals with average size ~5 nm in the films annealed at

1000 °C. Both kinds of transmission data were used to estimate the nanoparticle volume
fraction and values of 0.2-0.25 and 0.25-0.30 for the films annealed at 700 and 1000 °C,
respectively, are determined. Current—voltage characteristics (at fields >5 x 10* V cm™!) are
measured on metal/Si0O,/c-Si/metal structures to explore carrier transport mechanisms in all
kinds of samples. They are nearly symmetric, which indicates that in all samples carrier
transport via structures is dominated by the transport in the SiO, layers. It is concluded that
current transport is space-charge-limited for the layers annealed at 250 °C. In the films further
annealed at 700 °C containing amorphous nanoparticles, Poole-Frenkel transport mechanism
is reported while tunnelling is assumed for the films annealed at 1000 °C.

1. Introduction

The prospect for using nanosized silicon as a light source
in optoelectronic devices is very attractive since such a
source would be compatible with the existing manufacturing
infrastructure for silicon integrated circuits [1]. Recently, a
number of other interesting effects have also been discovered
in Si nanocrystals, such as photoconductive effects [2],
resonant tunnelling [3] and memory effect [4, 5]. The
potential applications of layers containing nanosized silicon
(Si nanocrystals (NCs), amorphous nanoparticles (a-NPs) or
both kinds of nanoparticles [6]) require good knowledge of the
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Si volume fraction, electronic properties of the nanoparticles
and carrier transport in the layers.

A variety of transport mechanisms, such as ballistic
transport [7], Fowler—Nordheim tunneling [8], Schottky [9]
and Poole-Frenkel [10, 11] emission, Coulomb blockade
[12, 13] and percolation [14], have been suggested in
films containing silicon NCs. Each of these mechanisms
is important for practical applications and attracts a great
deal of interest. The observation of different transport
mechanisms can be understood if one takes into account
that the investigated nanostructured materials were fabricated
with various structures, nanocrystal volume fractions, surface
passivation, etc. If one compares the very large number of
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already available data on Si NCs with those for amorphous
nanoparticles, it is seen that the latter are still relatively
unexplored. There are not many data on their size and
electronic properties. ~ On the other hand, amorphous
clusters may represent an alternative to NCs because of the
lower energy consumption necessary for their fabrication
[15-18].

In this paper SiO, films with initial x = 1.15, prepared
by thermal evaporation of SiO in vacuum on n- and p-type
crystalline Si substrates, are studied. Furnace annealing of
some films was carried out to grow amorphous or crystalline
silicon nanoparticles.  Optical and infrared transmission
spectroscopy are applied to estimate the optical band gap of
amorphous nanoparticles and the Si volume fraction, which are
important quantities for practical applications. Investigations
of the electrical transport are also carried out on films
containing amorphous or crystalline silicon nanoparticles,
as well as on homogeneous SiO, thin films of the same
composition. The /-V curves measured on homogeneous
SiO, layers are mediated by space-charge-limited current
(SCLC) transport, while for the films containing amorphous
and crystalline nanoparticles, Poole-Frenkel and Fowler—
Nordheim tunnelling transport mechanisms, respectively, are
suggested.

2. Experimental details

SiO, layers with a thickness of 1 or 2 um were prepared by
thermal evaporation of SiO at a vacuum of 1 x 1073 Pa and
a deposition rate of 6 nm s~!. Substrates of p- or n-type c-Si
(4-6 Q cm) and fused quartz were used, maintained at room
temperature. The composition of these films, determined by
means of RBS using 2.4 MeV He ions with a collection of
scattered ions at 165° with respect to the incidence direction
[19], is x = 1.15. The layer with x = 1.7 whose transmission
spectrum is shown in figure 2 was produced at the same vacuum
and a deposition rate of 0.2 nm s~'. More details about the
deposition conditions and the effect of the deposition rate and
the residual pressure on the film composition can be found
in [19]. Before the SiO, layer deposition, the substrates
were cleaned chemically; for the silicon wafers a standard
procedure for the microelectronics industry was applied. All
deposited films were annealed at 250 °C for 30 min in argon
to keep them stable in standard room conditions. Further
annealing was carried out in an argon atmosphere for 60 min
at 700 °C or in a nitrogen atmosphere at 1000 °C to form
amorphous or crystalline nanoparticles, respectively [16, 19].
For the electrical investigations aluminium gate and back
contacts were deposited by thermal vacuum evaporation, thus
forming Al/c-Si/insulator(SiO,)/Al (MIS) structures having
active area of the devices of 2 x 1073 cm?,

Previous Raman scattering measurements performed did
not find [19] existence of pure Si phase neither in as-deposited
nor in films annealed at 250 °C. The result indicates that
unlike the films deposited by most other techniques [20] which
contain nanoparticles in the as-deposited state, these films obey
the random-network-bonding model. Moreover, no phase
separation takes place upon annealing at 250 °C. One can

0.8 SiO
@ 1,151?43 0.4
= 987 1076 02
S5 061 Lo
e -3 0.0
s Y 1000 1200 1400
g 0.4r N —— 250°C |
s - 700°C
£ L
g 020 S0 NN 1000°C
wn
e}
< 00 [ 4

1050 1200 1350 1500

Wavenumber (cm™)

900

Figure 1. Infrared absorbance spectra of three SiO ;5 layers
annealed at three different temperatures, denoted in the figure. The
inset shows deconvolution of the IR spectrum of the layer annealed
at 1000 °C.
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Figure 2. Optical transmission spectra of three SiO ;5 layers
annealed at three different temperatures, denoted in the figure. Also,
optical transmission spectrum of a homogeneous SiO; ;7 layer
(Tsio, ;) is depicted.

expect that the film homogeneity ensures a better control of
the nanoparticle size and a narrower size distribution than in
the films containing nanoparticles in the as-deposited state.
Optical and infrared (IR) transmission measurements
were carried out by Cary SE and Bruker Vertex 70
spectrophotometers, respectively. The current—voltage (I-V)
characteristics were performed by a Keithley 610C
electrometer. Since at lower voltages a current increase with
time was observed, related in [18] to hole trapping in the SiOy
layer, the current values in the /-V curves at voltages <30 V
were measured after achieving quasi-stationary conditions.
The polarity of the applied voltage given in the figures below
concerns the c-Si substrate (+ means forward bias for the
p-Si substrates and reverse bias for the n-Si ones). All
measurements were carried out at room temperature.

3. Results and discussion

3.1. Transmission measurements

Figures 1 and 2 show IR absorbance spectra and optical
transmission (OT) spectra, respectively, of three SiO, layers
annealed at three different temperatures. A ‘blue’ shift (to
higher frequencies) of the IR absorbance spectra of the films
annealed at 700 °C and 1000 °C is observed in figure 1 being
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Table 1. Positions of the TO mode in the IR transmission spectra of SiO, films annealed at different temperatures and the corresponding
film or matrix composition and Si nanoparticle volume fraction. The optical band gap and average diameter of the amorphous Si

nanoparticles are also given and compared with data of other authors.

Annealing Position of the main ~ SiO, E of Si Average nanoparticle ~ Volume fraction of
temperature (°C) TO mode (cm™!) composition x nanoparticles (eV) diameter (nm) nanosized Si
250 987 1.15 - -
no phase separation
700 1043 1.7 2.64
a-NPs ~2.4[26] 2.1 0.22 (OT)
2.5[27] 2.0 £ 0.8 [6] 0.2 (IR)
1000 1076 2.0 ~5[33, 34] 0.30 (HREM)
NCs 0.30 (OT)
0.26 (IR)
0.27 [38]
stronger upon annealing at 1000 °C. Moreover, an annealing i i i i i
induced ‘red’ shift (to longer wavelengths) of the optical 40 0 A Gauss fit
transmission spectra of the films annealed at 700 and 1000 IS
°C is seen in figure 2. = 30t
It is well known [21-23] that the main band in the S
IR spectra of SiO, observed at ~1080 cm™' is due to F-‘,\
an asymmetric stretching vibration of the Si—O-Si bridge. 3 20f
It consists of several modes, a transverse-optical (TO) at =
1080 cm~! and others (more than one) longitudinal-optical T 101
(LO) in the range 1200-1300 cm~'. The position of the band B eyZ2 L Y S S A
is shifted to low frequencies (‘red’ shift) with respect to silica 0= . . .
when the oxygen content decreases [23]. Hence, the ‘blue’ 300 400 500 600 700

shift of the IR spectra observed upon annealing indicates that
phase separation, i.e. formation of pure silicon phase and an
increase of the oxygen content in the matrix, takes place upon
annealing at both temperatures. Below the IR results are used
to make an estimation of the volume fraction of the separated
pure silicon phase in the annealed layers. For this purpose,
the exact position of the TO mode and the oxygen content
of the matrix in the annealed layers had to be determined.
Therefore, a deconvolution of the spectra was performed (see
the inset in figure 1). Peaks of the fitting functions are situated
at 987, 1043 and 1076 cm™! in the films annealed at 250,
700 and 1000 °C, respectively. The position of the main TO
mode in the IR transmission spectra of SiO, films annealed
at these temperatures and its relation to the film or the matrix
composition are given in table 1 along with the Si nanoparticles
volume fraction, optical band gap and average diameter of the
amorphous Si nanoparticles determined in sections 3.1 and 3.2.
The value of 1043 cm™' corresponds [24] to x ~ 1.7 (i.e. the
films annealed at 700 °C can be referred to as a nanoparticle—
matrix system with Si-SiO ;), while 1076 cm™! corresponds
to x &= 2 (Si-SiO; films).

The increase of the oxygen content causes an increase of
the optical band gap of the SiO, matrix in the films annealed
at high temperatures and one can expect a ‘blue’ shift of its
optical transmission spectra. Instead, a ‘red’ shift is observed
(see figure 2) which should be due to absorption in the pure
silicon phase formed. In order to estimate the contribution
of the ‘pure’ Si phase to the total absorption of the Si—
SiO; 7 layer we subtracted the transmission curve of the layer
annealed at 700 °C (T799) from the transmission curve of a
homogeneous SiO; 7 layer (Tsio,,) with the same thickness

Wavelength (nm)

Figure 3. A curve obtained by subtraction of the transmission curve
of a SiOy ;5 layer annealed at 700 °C (T7g) from the transmission
curve of a SiO, ;7 (Tsio, ;) which represents the absorption of the pure
Si phase in the annealed layer. The dashed line is a Gaussian fit.

and composition as that of the matrix. The result is a Gaussian
band (see figure 3) peaked at ~470 nm (2.64 eV). This band
represents the optical absorption of the ‘pure’ silicon phase and
its maximum energy can be considered as an average value of
the optical band gap (E g) of the amorphous Si particles. It is
significantly greater than E§ of amorphous silicon thin films
(~1.5 eV [25]), thus indicating the formation of nanosized
amorphous Si. A value E¢ ~ 2.4 eV has been determined from
the Tauc plot of the absorption spectra of films prepared by
pulse-laser deposition at room substrate temperature and
annealed for 60 min at 600 °C, which contains amorphous
Si nanoparticles [26]. However, it should be noted that those
films contain amorphous nanoparticles in as-deposited state
(with E g ~ 2.9 eV) and one could expect a smaller size in our
samples which are homogeneous before the high temperature
annealing. Also, a value of ~2.5 eV has been obtained for
the “Tauc’ gap of Si nanoparticles in SiO, ; films deposited by
co-sputtering and annealed at 300 °C for 120 min [27]. Again,
it is a bit smaller than our value, but these films also showed
initial phase separation in the as-deposited state. The approach
used here for the determination of E,° is not affected by the
method of processing the absorption spectrum (Tauc or Cody
presentation).

From the curve shown in figure 3 one could also
get an idea of the average size and size distribution of
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the amorphous nanoparticles provided an experimental or
theoretical dependence of EY on the nanoparticle size is
available. Since there are no such curves for amorphous
Si nanoparticles, we used the experimental dependence of
the absorption gap versus Si nanocrystal diameter given in
[1] to make a rough estimation of the nanoparticle size. A
value of 2.1 nm has been obtained for the average diameter
d which is much smaller than the nanocrystal diameter in
samples annealed at 1000 °C (see below). The investigations
performed in [6] by energy-filtered transmission electron
microscopy on SiO, films with very similar initial composition
prepared by plasma enhanced chemical vapour deposition have
shown growth of a-Si nanoparticles with d = 2.0 = 0.8 nm
upon annealing at higher temperatures (7 > 900 °C). Hence,
the value of 2.1 nm we determined seems quite acceptable.
Furthermore, based on the Gaussian curve in figure 3 and the
mentioned dependence in [1], a value of < 0.4 nm has been
drawn for half-width at half-maximum of the nanoparticle size
distribution, 1. Thus, for the n/d ratio in the films containing
amorphous Si particles one obtains <19% for the particle size
distribution. It is very similar to the size distribution of Si NCs
in samples with x = 1.17, prepared by thermal evaporation
of SiO and annealed at 1000 °C for 60 min [28]. To our
knowledge this is the first estimation of the size distribution of
amorphous Si nanoparticles.

3.2. Determination of the silicon volume fraction

Composite materials are systems of conducting or
semiconducting nanoparticles (filler) embedded in a dielectric
matrix. When the volume fraction of the filler increases,
the distance between the filler particles decreases; at
a certain concentration contact between certain adjacent
particles occurs and two- or three-dimensional networks of
nanocrystalline semiconductor particles are formed. The
dc electrical conductivity of the system strongly increases
and carrier transport mechanism changes. The formation
and nature of such a network depends on the chemical
composition, volume fraction, sizes and size distribution of the
semiconducting nanocrystals [29]. Monte Carlo simulations
of Si NC ripening showed [30] that the ‘percolation limit’ (i.e.
the Si excess concentration above which instead of isolated
Si NC, Si agglomerates or wires are formed) lies roughly
between 10 vol% and 25 vol% depending on annealing time
and temperature. However, significantly higher values of
the volume fraction of Si nanocrystals (filling factor f) with
f =0.33[31] and f = 0.38 [32] have been experimentally
obtained for Si rich SiO, films, which have been related
to a different amount of structural randomness of the
semiconducting nanoclusters inside the matrix material.
Therefore, in order to make conclusions about the transport
mechanism one should know the filling factor of the system.
The high-resolution electron microscopy (HREM) study
we performed on films annealed at 1000 °C has shown
[33, 34] formation of silicon nanocrystals having average size
of ~5nm. As seen from figure 4, they are randomly distributed
in the oxide matrix and apparently do not form percolation
paths. A rough estimation f based on this cross-section

Figure 4. Cross-section TEM micrograph of a-SiO, ;5 annealed in
nitrogen at 1000 °C for 60 min. The circles and ovals represent Si
nanocrystals.

micrograph has given f &~ 0.30. However the accuracy of such
an estimation is rather low since amorphous Si nanoparticles
[6] or amorphous shells around a crystalline core could exist
but not be seen in the micrograph. On the other hand, some
not well-ordered areas could be considered by mistake as
nanocrystals. Therefore we used both kinds of transmission
measurements to determine f.

The interference seen in figure 2 is due to the difference
between the refractive indices of the film and the quartz
substrate. In the range of weak absorption the refractive
index n and the thickness d of the layers can be calculated
applying the approach described in [35]. Values n7g9 = 2.0
and njgop = 1.97 have been obtained for films annealed at
700 and 1000 °C, respectively as well as nsio,, = 1.65
for the film with x = 1.7 annealed at 250 °C. It has also
been confirmed that the layer thickness of all layers studied
coincides, in the frame of an experimental error of 5%, with
the thickness measured during film deposition. The effective
medium approach in the formalism described in [36] gives the
following relation between the average dielectric constant &
of a composite medium and the dielectric constants of both
constituent materials (written for a Si-SiO, layer), which is
valid for any value of the filling factor f:

J = (¢ —em)(esi+2em)/[(esi — €m) (€ + 26m)

+ (¢ — &m)(esi +2¢)] ()
where ¢, and &g; are the dielectric constants of the matrix
(Si0,) and the filler (Si), respectively. In the weak absorption
range & ~ n’ and applying this relation to equation (1), one can
make an estimation of f (without taking into account strain
effects). Using nygp = 2.0, njpo0 = 1.97, ng; = 3.48, nsio, = 1.5
and nsio, , = 1.65, values f700 = 0.22 (0.27, when taking into
account the observed size-induced decrease of the dielectric
constant of Si down to eg; = 9.6 [37]) and fip00 = 0.30 (0.35
when eg; = 9.6) have been obtained for films annealed at 700
and 1000 °C, respectively. The value for fijoo0 = 0.30 is
close to the filling factor fjgo0 = 0.27 obtained in films with
similar (x = 1.1) initial composition, determined on the basis
of Rutherford backscattering data [38] while the assumption
for size-induced permittivity reduction gives a much higher f
value.
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Figure 5. I-V characteristics of SiOy 5 layers deposited on (a) p-Si and (b) n-Si annealed at three temperatures denoted in the figures.

An approximate value of the filling factor can also be
obtained using the shift of the main TO band in the IR
spectra. Assuming that the number of oxygen atoms in the
homogeneous layer and the matrix of the annealed films is
the same, one can find the following relation between f and
the atomic densities of the initial layer psio, and pure silicon
phase ps;:

[ = (psio,/ps)(x + D7'[1 = (x/y)] (@)

where x is the initial oxygen content and y is the oxygen content
in the matrix of the annealed layers. In order to calculate f one
can use psio, = 6.6 x 102 cm=3 [15], psi = 5 x 1022 cm~3,
x=1.15and y = 1.7 or 2.0. Values f700 = 0.2 and figo0 =
0.26 are obtained which are in good agreement with the results
reported in [15, 38]. We note that values between 5.8 x
1022 cm =3 and 6.0 x 10?2 cm~2 are reported for x = 1.15 in
[39] which will result in a reduction of the filling factor with
~10%. As a whole, the silicon volume fractions calculated
from the IR data are a bit smaller than those obtained from the
optical transmission data and this difference can be understood
bearing in mind the uncertainty in the psio, and also that the
y and ngio,, values are not determined very precisely. Thus,
the maximum volume fraction of the pure Si phase obtained
from the transmission data is frg0 = 0.25 and fip90 = 0.30
which is less than the experimental threshold values reported
by other authors [32, 35] and one can think that no nanoparticle
network exists in both kinds of layers. This conclusion
is in good agreement with the electron microscopy results
(figure 4) as well as with the assumption made in [38] for
films with initial oxygen content x = 1.1.

3.3. Carrier transport mechanisms

The basic conduction processes in homogeneous insulators,
as considered by Sze [40], are: (i) ohmic-like conduction with
current density J described as

J x Eexpl—E,/kT] 3)

(E is the applied field, E, is the thermal activation energy, k is
the Boltzmann constant); (ii) Schottky emission

J o T? exp{[—q®y — (qE /4me)' 1/ kT, 4

that is thermionic emission across the metal—insulator interface
or the insulator-semiconductor interface (g equals 1.6 x

10~'° C, ®y is the barrier height, ¢; is the insulator dynamic
permittivity); (iii) Poole-Frenkel emission,

J o E exp{[—q @y, — (¢ E/mei)'*1/ kT, &)

that is field-enhanced thermal excitation of trapped electrons
into the conduction band; (iv) tunnelling,

J o« E? exp[—4(2m*)' /2 (2®y,)>? /3ghE], (6)

which may take place from the metal or semiconductor Fermi
level to the insulator conduction band; in the particular case
of semiconductor nanoparticles in an insulating matrix, it can
occur between nearest nanoparticles; (v) space-charge-limited
current (SCLC),

J o 8&;uV?/9d°, )

where d is the distance between the contacts (i.e. the insulator
thickness) and p is the carrier drift mobility. Space-charge-
limited currents can take place in insulating materials when
carriers are injected and no compensating charge is present.
Figure 5 shows nearly symmetric /-V characteristics
of layers deposited on p-Si and n-Si annealed at three
different temperatures. It is known that when the transport
via MIS structures with a thin isolator film (<100 nm) is
controlled by the properties of the insulator—semiconductor or
semiconductor-metal interfaces, the /—V characteristics are
asymmetric (as an example see [18]). The observed symmetry
indicates that current transport through the MIS structures is
controlled by the transport in the SiO, layers. It is seen that
the curves of the samples annealed at 250 °C and 700 °C look
quite similar while the characteristics of the films annealed at
1000 °C are different. Also, unexpectedly, in most samples the
current under reverse bias is a bit higher than that under forward
bias. We have not found an explanation of this observation yet.
Figure 6 depicts the /-V characteristics of SiO, layers
having thickness of 1 or 2 um, which were annealed at 250 °C,
now presented in coordinates corresponding to SCLC transport
mechanism. Tt is seen that at applied field >10* V cm™!
the characteristics are linear over more than three orders of
magnitude of the current. Also, the scaling law I/d =
F(V/d?) (F means ‘function of’) proposed by Lampert and
Mark [41] is, in some respects, confirmed. These observations
allow us to assume that SCLC is the dominant transport
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Figure 6. /-V characteristics of SiOy s layers having thickness of 1 or 2 um annealed at 250 °C presented in coordinates corresponding to
SCLC transport mechanism. The layers were deposited on (a) p-Si and (b) n-Si substrates and the measurements were carried out under
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Figure 7. I-V characteristics of SiO, layers having thickness of 1 or 2 ;um presented in coordinates corresponding to SCLC transport
mechanism. The films were annealed at (a) 1000 °C or (b) 700 °C. The bias conditions and type of substrates are denoted in the figures.

mechanism in the homogeneous SiOj ;5 films. It should be
noted that the slope of the curves in figure 6 is not 2 as can
be expected on the basis of equation (7); it is about 4. As
known [41], in disordered materials (such as bulk glasses
and amorphous thin films) there exists a high concentration
of own defects that most frequently have an exponential
distribution. When the quasi-Fermi level moves across such
an exponential trap distribution characterized by an energy E,
the -V characteristic of the MIS structure is described by the
formula [41]

J ~ quN(gi/eN E)' (VI jd*+hy, )

where N, is the conduction band density of states and [ =
(E/kT)>2. If =3, log(J/d) o logleuN.(e/eN,E)'] +
log(V*/d®) = constant + 4 log(V /d?), which indicates that the
slope of the curves should be 4. Based on this consideration
a conclusion can be drawn that in the SiO, layers annealed
at 250 °C the SCLC carrier transport is mediated by an
exponential trap distribution having E; &~ 78 meV.

In figure 7 the presentation of the /-V characteristics of
the films annealed at higher temperatures in SCLC coordinates
indicates that though in some samples the characteristics look
linear, the scaling law is not confirmed which implies a
different transport mechanism. Di Maria et al [42] were the
first to assume that carrier transport in the films containing Si
nanoparticles (Si—SiO; films) is carried out by direct tunnelling
of electrons from one nanocrystal to another. The electrons
from the metal contact or the Si substrate reach nearest

L4 nssi, 700°C '
1078 & n-si, 1000°C
- Ao p-Si, 700°C 5
—.; ol " p-Si, 1000°C ]
z :
> A@ﬁ@
T oot e :
Loo™ Poole-Frenkel
3 . ’ _reverse bias‘

0 2 4 6 8
12 x 172
V)

10

Figure 8. Poole-Frenkel presentation of the /-V curves of samples
annealed at high temperatures.

to the contact nanocrystals by direct tunnelling, as well.
Later many authors claimed observation of electron tunnelling
between Si or Ge nanocrystals embedded in oxide matrices
([18, 43] and references therein). Although the current for
the tunnelling mechanism should be thermally independent,
various temperature dependences have been observed [12, 18,
44, 45] ascribed to different origins such as Poole—Frenkel
[18] or Schottky emission [44], the discrete structure of the
valence and conduction bands [12] etc.

Figure 8 shows a Poole—Frenkel presentation of the /-V
curves of samples annealed at 700 and 1000 °C, seen in
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Figure 9. Presentation of the reverse bias /-V characteristic of a

1 pm thick SiO, layer on n-Si substrate annealed at 1000 °C in
coordinates corresponding to Fowler—Nordheim tunnelling between
Si NCs. The same characteristic is shown in figure 8§ in
Poole-Frenkel coordinates, as well.

figure 7. The linearity of the curves at high applied voltages
indicates that carrier injection in traps and their subsequent
emission should be one important transport process in these
layers. However, the different slopes seen for samples
containing a-Si NP and NCs imply that other processes could
also play arole.

Based on the slope A of the curves in figure 8
(A70°C = 1 and A'090°C = 2.15), using the relation A =
(q/dmesesi_sio,)/?/ kT [40] one can calculate the dielectric
constant of the annealed films. With T=300 K, k7= 0.026 ¢V,
d=1x10°%m, ¢, =28.85 x 1072Fm|, qg=106x 1071
C we obtained ', = 8.39 and £{°%;§ = 1.84.

On the other hand ¢s;_gio, can be calculated applying the
equation [46]

&si—sio, = em[1+(2/3) fx1/11 — (1/3) fx], )

where x = 3(esi — &m)/(esi + 26,,). Usingyx’®°¢ = 0.22,
x1090°C =030, eg; = 11 and assuming &,/ “C (i.e. £,-17) =7
and £,'%°C (le. g,000) = 4, values Eg?_osciCOX = 7.77 and
%S = 5.48 have been obtained for the samples annealed
at 700 °C and 1000 °C, respectively. The two values for the
films annealed at 700 °C (¢J°¢, = 7.77 and 8.39) differ by
less than 10% which confirms the assumption of the Poole—
Frenkel transport mechanism. However, the value 8é?_02;§2 =
1.84 is about three times smaller than that obtained from
equation (9). It implies that in these samples carrier transport
is not mediated by the Poole-Frenkel mechanism and one
can assume that for applied voltages V > 20 V (E > 2 x
10° V cm™!) Fowler—Nordheim tunnelling between the
nanocrystals takes place. Based on equation (6) &}, can
be determined from the slope of the experimental curves in
coordinates (I/V?) versus (1/V) (see figure 9). Keeping in
mind the discussion [47] on electric field enhancement we
assumed that the average nanoparticle diameter is 5 nm, the
average thickness of the barriers between the crystals is also
5 nm and the conductivity of the barriers is much less than
that of the nanocrystals (i.e. the effective voltage Vs applied
on the barriers is twice as great as the experimental one). A
value of @, ~ 2.9 eV has been obtained which is close to that
of the barrier for electrons at the Si—SiO, interface (~3.1 eV).

Based on this result, one can suggest that most likely in the
NC-Si-SiO; films tunnelling is the dominant carrier transport
mechanism.

Electrical transport of dark carriers has already been
investigated in Al/Si-rich SiO, (1 pm thick)/crystalline p-
Si/Al structures [48]. The initial composition of the SiO, films
was x = 1.5 and the films were annealed at 1000 °C for 60 min
before the deposition of the metal contacts. The nanocrystal
Si volume fraction calculated when using equation (2) is
~13%. Space-charge-limited currents have been considered
as the main carrier transport mechanism in those films at both
forward and reverse applied fields >10* V ecm™!. This result
differs from the observations here on the SiO, films with x =
1.15 annealed at both 700 and 1000° C, but it is similar to
that obtained for SiO; ;5 films annealed at 250 °C (in which
no phase separation occurs). The difference indicates that
perhaps at low filling factor Si NPs do not appreciably affect
carrier transport via the Si-rich SiO, composite layer and one
can expect SCLC in the SiO, matrix. Based on the results
of this study one can think that NPs influence the transport
at high enough f > 0.18. The effect again depends on f;
tunnelling can be expected at high volume fractions of pure
Si (but still below the percolation threshold) and the Poole—
Frenkel mechanism can be observed at intermediate filling
factors.

4. Conclusions

Optical and IR transmission as well as electrical transport
in SiO, thin films (x = 1.15), deposited by thermal vacuum
evaporation of SiO on n- and p-type crystalline Si substrates,
and then furnace annealed at 250, 700 and 1000 °C have
been investigated. The transmission data have indicated
that phase separation takes place upon annealing at 700 and
1000 °C. High-resolution electron microscopy measurements
confirmed the growth of Si nanocrystals with an average size
of ~5 nm in films annealed at 1000 °C. Moreover, a value
of 2.64 eV has been obtained for the optical band gap of
amorphous Si nanoparticles grown upon annealing at 700 °C.
Using experimental data for the relation of optical band gap
versus average diameter of Si NCs, a value of 2.1 nm has been
determined for the average diameter of the amorphous NPs.
The filling factor has been estimated from the transmission
data in the visible and IR spectral range. Values of 0.2-0.25
and 0.25-0.30 have been obtained for the volume fractions of
the pure silicon phase in films annealed at 700 and 1000 °C,
respectively. They are below the filling factors at which
percolation has been observed in Si—-SiO; layers and therefore
it has been concluded that no percolation takes place in the
carrier transport via the annealed layers. Nearly symmetric
I-V characteristics (at applied fields >5 x 10* V cm™!) have
been measured on all MIS structures, which show that carrier
transport via the structures is dominated by the SiO, layers.
The analysis of the /-V curves in coordinates corresponding
to several carrier transport mechanisms has indicated that
the current is space-charge-limited in the layers annealed at
250 °C. For the films annealed at 700 °C, containing
amorphous nanoparticles, the conclusion of a Poole—Frenkel
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transport mechanism is made while for the layers annealed at
1000 °C Fowler—Nordheim tunnelling is suggested. Based on
previous and the current results, it is assumed that at low filling
factor Si NPs do not appreciably affect carrier transport via the
SiO, matrix of Si-rich SiO, composite layers. They influence
the transport at high enough f > 0.18 as tunnelling can be
expected at silicon volume fractions close to the percolation
threshold while the Poole-Frenkel mechanism is possible at
intermediate filling factors.
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