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The transport properties of nanocrystalline silicon films are presented. The studies were performed on fresh and stabilized 
nanocrystalline porous silicon (nc-PS) and on Si/SiO2 nanocomposite films. Current – voltage characteristics and the 
temperature dependence of the dark current were measured on both systems. From the current – voltage characteristics of 
the oxidized nc-PS, the Si – SiO2 potential barrier was determined (2.2 eV). The Si/SiO2 measurements proved that the 
main conduction mechanism for the nanodot systems is the field-assisted tunneling under Coulomb blockade. The quantum 
confinement was evidenced by the activation energies observed in the current – temperature characteristics and it was 
modeled by means of an infinite quantum well. The trapping – detrapping processes were studied by using the Optical 
Charging Spectroscopy (OCS) method: the traps are filled by illumination with a suitable wavelength at low temperature and 
the detrapping is produced by heating at a constant rate. The experimental investigations evidenced six trapping levels in 
nc-PS, four located at the surface/interface and two deep ones located in the bulk. The deepest level was observed only in 
oxidized samples. The modeling of the OCS trapping – detrapping processes allows for the determination of the 
characteristic parameters that cannot be directly obtained from the measurements. 
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1. Introduction 
 
The great interest aroused by the nanocrystaline 

sil icon (nc-Si) has originated in the discovery of the nc-PS 
bright photoluminescence in the visible range at room 
temperature (RT) [1, 2], suggesting possible applications 
in optoelectronics [3, 4]. Later on, this hope was 
abandoned, but the very large and reactive internal surface 
of the nc-PS lead to other possible applications, such as 
gas sensors [5-8], or capacitors [9]. The photo-
luminescence properties of the silicon nanodots embedded 
in amorphous silicon dioxide (Si/SiO2 nanocomposites) 
[10] make them also very attractive for optoelectronics, 
especially for photonic crystals [11]. 

 Different microstructure investigations of nc-PS fi lms 
have shown various aspects, depending on the etching 
conditions, the crystallographic orientation and the silicon 
wafers doping [12-14]. High resolution images exhibits 
complex fractal geometry. Several techniques were used to 
prepare the nanostructured Si/SiO2 films [15, 16], the 
structure of the films being dependent on the preparation 
method [17, 18]. 

The electrical transport properties of nc-Si and 
sil icon-based nanostructures are determined mainly by 
their microstructure. To explain the different experimental 
results, various transport mechanisms were studied and 
therefore several models were proposed. For nc-PS and Si 
nanowires, hopping process at low temperatures with 
thermal activation at high temperatures [19], Poole-
Frenkel tunneling [20], fractal percolation [21], 
generation-recombination phenomena in the depletion 
region [22], and dangling bonds governing the Al / nc-PS 
junction [23] were considered.  Simple and Coulomb field-
enhanced Fowler-Nordheim tunneling were used to model 

the carrier injection from the substrate of a nanocrystalline 
floating-gate MOS transistor [24], while Schottky 
tunneling was applied to the investigation of ultra-small 
diodes [25]. Poole-Frenkel tunneling was also taken into 
account for nc-Si/CaF2 multi layer structures [26]. In the 
case of Si nanodots embedded in an amorphous SiO2 
matrix, the transport inside the nanodots is ball istic [27]. 
Tunneling under Coulomb blockade occur between 
nanodots [28, 29], the Coulomb blockade being one of the 
most important confinement effects for the electrical 
conduction mechanisms. 

The quantum confinement produces both the 
enlargement of the band gap [30] and the breakdown of 
the momentum conservation rule [31], as well as the 
appearance of new energy levels. These levels introduce 
additional activation energies in the temperature 
dependence of the current [32 – 34] and supplementary 
optical transitions [31, 35]. 

The trapping phenomena in nc-Si were rather slightly 
studied [36], in spite of the fact that the traps play an 
important role in the non-equil ibrium phenomena and that 
their concentration in nanocrystalline systems should be 
high (especially the surface ones). 

This paper presents the results of our research group 
concerning the electrical properties of the fresh and 
stabil ized nc-PS and Si/SiO2 nanocomposite films. Section 
2 deals with the preparation of the samples and the 
measurement techniques. The experimental results 
concerning the current – voltage and current – temperature 
characteristics, and the traps investigation, as well as their 
modeling, are presented in Section 3. In Section 4, the 
properties of the two kinds of materials are compared, 
while the last Section summarizes the conclusions. 
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2. Experimental 
 
The nc-PS layers were prepared in our laboratory by 

electrochemical etching of p-type (100) Si wafers                          
(5 – 15 Ω � cm resistivity) in HF (49%)-C2H5OH                     
(1:1 volume ratio) under constant 5 – 15 mA/cm2 current 
density, followed by the illumination in situ for                 
1.5 – 3 min with a Xenon lamp, cleaning and drying in air 
(fresh samples) [37 – 39]. The samples were then 
stabil ized either by storing in ambient conditions for 1.5 
years, in order to induce native oxidation, or by anodic 
oxidation. The fi lm thickness is 5 – 35 µm. By 
investigating the microstructure of these samples [39], i t 
resulted that they present a two-level porosity. The first 
porosity level is structured as a honeycomb-like system of 
alveolar columnar macropores (1.5 – 3 µm diameter, 70 % 
macroporosity) that cross the whole nc-PS thickness. The 
second porosity level appears in the alveolar walls                 
(100 – 200 nm thickness), and it is formed by a nanowire 
network (1 – 5 nm diameter of the nanowires, 50 % 
nanoporosity of the walls) that keeps the crystall inity of 
the bulk. 

Si/SiO2 nanocomposite films were obtained by co-
sputtering of Si and SiO2 on rectangular quartz slides           
(13 cm length, 2 cm width) [40]. The nucleation of Si 
crystall ites is achieved by the annealing of the films at 
1100 °C for 30 min in a N2 flow. Thus, films with variable 
volume concentration of nc-Si from practically x = 0 % to 
practically x = 100 % are deposited in a single run. The 
fi lm thickness is 9 µm after 12 h sputtering. The 
microstructure investigations [41] clearly evidenced the 
presence of the nc-Si with mean diameter of 3 nm from the 
x = 20 % region of the Si/SiO2 film. The crystall ites appear 
with { 111}  facets if the [110] zone axis is well aligned. At 
higher nc-Si concentrations (x 

�
 50 %), the mean diameter 

of the nanodots is around 5 nm and they tend to form chain 
networks. The majority of the nanocrystallites remain 
under 10 nm diameter, even at high concentrations                  
(x 

�
 70 %), and the amorphous silicon dioxide thickness 

does not exceed 5 nm between nanodots. The big 
crystall ites (over 10 nm diameter) present lattice defects, 
like twins or staking faults. 

The current – voltage characteristics at RT, the 
temperature dependence of the dark current (I – T) 
between liquid nitrogen temperature (LNT) and RT, and 
the discharge currents in the traps investigations were 
measured with a Keithley 642 electrometer, a Keithley 
2000 multimeter, and an Agilent E3631A d.c. power 
supply. The trap charging process was performed by 
il luminating the samples with monochromatic l ight by 
using a Carl Zeiss Jena SPM 2 monochromator. Sandwich 
configuration (bottom Al / c-Si / nc-PS / top Al) was used 
for the nc-PS samples, with the semitransparent top 
electrode thermally evaporated at an angle of 15 o with the 
nc-PS layer. The bottom electrode was annealed to 
become ohmic before the anodization process [38,39]. 
Contrariwise, coplanar configuration with 50 parallel 
aluminum contacts (7 mm long, 2 mm width, 2 mm 
distance) was used for the Si/SiO2 samples, in order to 
measure different nc-Si concentration regions [40]. The 

annealing at 1100 oC does not allow the preparation of a 
sandwich configuration, due to the diffusion of the bottom 
electrode into the film. 

  
3. Current – voltage characteristics 
 
The I – V characteristics taken on nc-PS samples were 

measured at RT in the -30 – +30 V range [38,42]. Fig. 1 
(Fig. 1, Ref. 38) presents the slow rectifying behavior of 
the fresh samples. This behavior is practically l inear at low 
voltages (-5 – +5 V, see also [20]). Fig. 2 (Fig. 4, Ref. 38) 
presents the strong rectifying behavior of the stabilized 
samples, due to the oxidation of the nc-PS layer under the 
top electrode. Another proof of this oxidation is the MIS – 
like behavior of these samples in C – V characteristics (see 
[38]). The I – V curve is exponential up to 2.2 V in 
forward bias and then it becomes practically linear. The 
limit of 2.2 V gives the barrier height between Si and 
SiO2. This barrier leads to a high series resistance and 
therefore to a l inear behavior. A number of percolation 
thresholds can be observed in the quasi-l inear region that 
confirms the model of the percolation network [39,42]. 
One can conclude that the I – V characteristics taken on 
nc-PS are typical for band conduction. 

 
Fig. 1. I – V characteristic for fresh nc-PS sample at RT [38] . 

 

 
Fig. 2. I – V characteristic for stabilized nc-PS sample at RT [38]. 
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Fig. 3. I – V characteristic (circles) and theoretical fit (solid line) 

for Si/SiO2 at RT [43] . 
 

Fig. 3 (Fig. 1, Ref. 43) presents a typical I – V 
characteristic for Si/SiO2 at RT (circles). The characteristic 
is practically symmetric (to be expected for a coplanar 
configuration) and superlinear. 

It was already mentioned that the transport inside the 
nanodots is ball istic. The main conduction mechanism 
between nanodots is the high field-assisted tunneling 
( eTNkU B>> , where N is the average number of 
tunneled barriers) [40, 43 – 45]. The tunneling current is 
given by the relation: 
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Here ϕ∝0I  ( �  is the average tunneled potential barrier 

height), eNU ϕ=0 , and 2*8 ϕ∆=α ms  ( � s is the 

average barrier width). If one fits the experimental data 
represented in Fig. 3 with this relation, one obtains the 
solid l ine from the figure, where the fitting parameters are 
I0 = 25.79 A, U0 = 259.4 V and �  = 24.26. Then, the linear 
correlation coefficient between the experimental data and 
the fitting formula is 99.95%. If one chooses for �  the 
value 2.2 eV, as in stabilized nc-PS [38, 42, 46], one 
obtains N = 118 and � s = 1.6 nm. This proves that only a 
small part of the carrier path is covered by means of 
tunneling. However, this part introduces the biggest 
resistance and therefore dominates the characteristic. 

From the comparison of the I – V characteristics for 
the two kinds of materials, it results that the continuous 
crystall ine paths (nanowire network, see [39, 42]) in nc-PS 
allow a band conduction mechanism, while the SiO2 
barriers between Si nanodots in the Si/SiO2 nanocomposite 
systems imply a tunneling mechanism. The barrier height 
much greater than the carrier energy (U0 >> U) proves that 
the only possible tunneling mechanism is the high field-
assisted one. 

 

4. Current – temperature characteristics 
 

The I – T characteristics for fresh nc-PS samples 
present an Arrhenius-like behavior with one activation 
energy on the whole temperature range, as one can see in 
Fig. 4 (Fig. 2, Ref. 38). The value of the activation energy 
is situated in the dispersion interval 0.49 – 0.55 eV and is 
independent on the bias polarity. 

 

 
Fig. 4. I – T characteristics for fresh nc-PS sample: �  Ua = 1 V (‘+ ’ on c-Si), �  Ua = – 1 V (‘ +’  on nc-PS) [38] . 

 
The characteristics measured on stabil ized nc-PS 

samples present two activation energies, with an abrupt 
change of slope, as one can see in Fig. 5 (Fig. 5, Ref. 38). 
The value of the low temperature activation energy is 
situated in the dispersion interval 0.50 – 0.60 eV, slightly 
increased that the one found for fresh samples. At 
temperatures higher than about 280 K, a new activation 
energy, situated in the dispersion interval 1.20 – 1.80 eV, 
appears. The mean values of the two activation energies 
(Ea1 = 0.55 ± 0.05 eV, Ea2 = 1.50 ± 0.30 eV) are in a ratio 
of R �  Ea2/Ea1 = 2.73. 

 

 
Fig. 5. I – T characteristics for stabilized nc-PS sample: 

�  Ua = 2 V (‘+’ on c-Si), �  Ua = -2 V (‘+’  on nc-PS) [38] . 
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Fig. 6 (Fig. 8, Ref. 47) presents the I – T 
characteristics for Si/SiO2 films, measured at x = 73 % 
region at 1, 5, and 25 V applied bias, in the temperature 
range 200 – 300 K [47]. The activation energy values are 
Ea1 = 0.30 ± 0.01 eV and Ea2 = 0.51 ± 0.01 eV for all 
biases, and their ratio is R = 1.70. 
 

 
Fig. 6. I – T characteristics for Si/SiO2 nanocomposite 
            at x �  73 %, at 1, 5  and  25 V  [47] . 

 
The new levels induced by the quantum confinement 

in the band gap are due to the fact that the nanocrystal 
surface acts like the wall of a quantum well [38 – 40,42, 
43,46 – 48]. The simplest model considers an infinite 
rectangular quantum well, the errors introduced by this 
approximation being under 2.5 % for sizes under 10 nm 
and barrier heights over 2 eV [38,46]. 

The nc-PS samples are structured in a nanowire 
network, as mentioned in Section 2. Then the electron 
Hamiltonian for a nanowire is the sum of a longitudinal 
1D Bloch term and a transversal 2D infinite quantum well 
one. Under these conditions the electron energy is 
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is the discrete energy level induced by the 2D quantum 

well and s
kn z,ε  is the shifted Bloch term (by convention, 

E0,0 �  0), m*  is the transversal effective electron mass and 
d the effective diameter. 

Both cylindrical and square prism shapes were 
analyzed for the nanowire symmetry [39,42,47], giving 
corresponding expressions for xl,p. In both cases, l 
represents the orbital quantum number. Neither shape is 

correct, due to the tetragonal symmetry of the sil icon, but 
they give good first approximations. 

A similar analysis can be done for Si/SiO2 
nanocomposites, with the nanodots considered spherical. 
Due to their sizes (0D systems), one has no proper band 
structure and the electron energy is simply given by Eq. 
(3), with xl,p corresponding to the spherical symmetry 
[43,47,48]. 

From the relation (3), it results that the carrier 
concentration is proportional with ( )TkE Ba−exp , where 
the activation energy Ea is the absolute value of the 
difference between the energies of the last occupied 
confinement level and the following one. This leads to an 
Arrhenius-like behavior of the I – T characteristic. When a 
level is filled up, the following begins to be excited and 
the activation energy value is modified. Then, by 
evaluating the ratio for the consecutive values of the 
activation energy and comparing them with the 
experiment, one can estimate the quantum levels and 
therefore the nanocrystalli te sizes. 

In the case of the nc-PS samples, the experimental  
ratio R = 2.73 is practically the mean of the values for the 
cylindrical and square symmetries, i f one takes                    
Ea1 = E0,1 – E0,0 and Ea2 = E0,2 – E0,1. The orbital 
momentum conservation is due to the symmetry of the 
electric field interaction. The corresponding nanowire 
diameter is d = 3.3 nm for fresh samples (cylindrical 
symmetry), in good agreement with the microstructure 
investigations. For stabilized samples, Eq. (2) leads to                
a 0.1 nm thinning induced by oxidation, which is not 
plausible. However, if one takes into account that the 
effective mass approximation, implicit in the previous 
analysis, is not valid for sizes under 5 nm [11,30] and if 
one considers the size dependence found by using the 
Linear Combination of Atomic Orbitals method [30], the 
thinning becomes one interatomic distance. 

In the case of the Si/SiO2 samples, the experimental 
ratio R = 1.70 also corresponds to Ea1 = E0,1 – E0,0 and           
Ea2 = E0,2 – E0,1, with a nanodot diameter d = 4.5 nm, in 
good agreement with the microstructure investigations. 

It can be seen that the predictions of the infinite 
quantum well model are in good agreement with the 
experimental results for both 1D and 0D systems, in spite 
of the simplicity of the model. 

 
 
5. Traps investigations 
 
Optical Charging Spectroscopy (OCS) measurements 

of the trapping – detrapping phenomena in nc-PS consist 
of two successive steps [49,50]. In the first step, the 
sample is cooled down at LNT (quoted T0 in the 
following) and then it is i lluminated for 10 min with 
monochromatic light, in order to fi ll the traps. The 
illumination is performed either in open or in short circuit 
The used wavelengths were 0.5 	 m (absorption coefficient 

�  = 2 × 103 cm-1) and 1.0 	 m ( �  = 10 cm-1) [51]. The 
illumination generates non-equil ibrium carriers that 
diffuse into the sample with different mobil ities, some of 
them being trapped. The traps are fil led up under two 
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conditions: (i) the l ight intensity is high enough and the 
il lumination time is long enough; (ii) the sample is thin 
compared to both the carrier diffusion and light absorption 
lengths. The trapped carriers generate a frozen-in electric 
field. 

The second step starts with the switch off of the light. 
Then, the sample is connected to an electrometer and 
heated up to RT at a constant rate �  = dT/dt =  0.1 K/s. 
During the heating, the carriers trapped on different levels 
are successively released into the conduction and valence 
bands. The detrapped carriers move in the frozen-in 
electric field of the sti ll trapped ones. The temperature 
dependence of this discharge current presents several 
positive and/or negative maxima and shoulders. This 
behavior is related to the discharge of the successive 
levels. The sign of the current is related to the sign of the 
frozen-in electric field, which depends on the consecutive 
discharge of trapped electrons and holes. 

Fig. 7 (Fig. 1, Ref. 49) presents the discharge current 
versus temperature curves obtained on a fresh nc-PS 
sample. Five maxima and/or shoulders appear on both 
curves at approximately the same temperatures. In order to 
find out the activation energies of the associated trapping 
levels, the fractional heating procedure was used. The 
maximum No. 1 has an activation energy Ea1 = 0.29 eV. 
The activation energy obtained for the following broad 
maximum (curve a) or shoulder (curve b) is situated in the 
0.37–0.41 eV interval. This can be attributed to two 
trapping levels, 2’  and 2”, which are too close to one 
another to be separated. The maxima No. 1 and 2 (2’+2”) 
have opposite signs, which means that at least one of the 
two levels, 2’  or 2”, traps opposite sign carriers with 
respect to level 1. The activation energy of maximum No. 
3 (curve b) is Ea3 = 0.47 eV (in curve a, this maximum is 
practically screened by the previous one). The shoulder 
and the maximum F on curves a and b respectively 
represent a false maximum. Such a maximum appears 
when a level is discharged in the opposite sign field of the 
next one. The activation energy of the last maximum is  
Ea4 = 0.61 eV. 
 

 
Fig. 7. Discharge currents for fresh nc-PS sample [49] . 

 
The discharge current versus temperature curves 

obtained on nc-PS samples stabilized by native or anodical 
oxidation are presented in Figs. 8 (Fig. 1, Ref. 52) and 9 
(Fig. 2, Ref. 52). In these figures, the maxima 2’ , 2” , 3, 
and 4 are renumbered 2, 3, 4, and 5. The maxima 1 to 4 are 

strongly reduced after native oxidation and practically 
disappear after anodical oxidation. This proves that they 
correspond to surface traps. A new maximum appears, 
with Ea6 = 0.82 eV, for both kind of oxidized samples and 
the maximum 5 is reduced to a shoulder. However, both of 
them are much bigger than maxima 1 to 4, which shows 
that they correspond to bulk traps. The appearance of the 
last maximum after the oxidation also suggests that it is 
due to the oxidation-induced strains. 
 

 
Fig. 8. Discharge currents for a – natively and b – anodically 
oxidized nc-PS samples; i llumination wavelength λ = 0.5 µm 

[52] . 
 

Fig. 9. Discharge currents for a – natively and b – anodically 
oxidized nc-PS samples; i llumination wavelength λ = 1.0 µm 

[52] . 
 

 The discharge current in OCS measurements is 
the sum of four terms [42, 49, 50, 52]. The main one, Ine, is 
due to the movement of the non-equilibrium carriers 
released from traps in the frozen-in electric field of the still 
trapped ones: 

( ) ( )TdETAI ne ,
2

1 σ∆= ,       (4) 

 
where A and d are the top electrode area and nc-PS layer 
thickness, 
 

( ) )]()()()([ TnTTpTeT np ∆µ+∆µ=σ∆        (5) 
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is the conductivity of the released carriers, with 
concentrations � p and � n, and 
 

( ) ( ) ( )[ ]TnTp
ed

TdE tt
r

−
εε

=
0

,           (6) 

 
is the frozen-in electric field of the still trapped carriers, 
with concentrations pt and nt (homogeneously distributed). 
This current is a square function of the traps 
concentrations, due to the fact that � p ∝ pt and � n ∝ nt. 
The second term, Ie, which is significant at high 
temperatures only, is due to the movement of the 
equilibrium carriers in the same field: 
 

( ) ( )TdETAIe ,
2

1
0σ= .  (7) 

 
The displacement current, 

 

 ( )TdE
T

AI rd ,
2

1
0 ∂

∂βεε= ,    (8) 

 
is two to four orders of magnitude smaller than the 
previous currents, while the diffusion current 
 

( ) ( )[ ]{ ( ) ( )[ ]}TnTdnTpTdpkT
d

A
I npD ,0,,0, ∆−∆µ−∆−∆µ=  (9) 

 
cancels because of the homogeneous distribution of the 
traps in our nc-PS samples. This model permits the 
evaluation of several traps parameters that are not directly 
measurable. 
 

 

 
 

Fig. 10. Experimental (dotted line) and theoretical 
(continuous line) discharge currents for fresh nc-PS 
sample; illumination wavelength λ =  0.5 µm [50] . 

 
 

Fig. 10 (Fig. 4, Ref. 50) presents the results of the 
model applied to the discharge current in fresh nc-PS 

sample il luminated with λ = 0.5 µm. Maxima 1, 2’ , and 4 
are due to trapped holes, while maxima 2” and 3 
correspond to trapped electrons. This separation is related 
to the differences between the mobilities and effective 
masses for electrons and holes. The values obtained for the 
capture cross-sections ς, traps concentrations Nt, released 
carrier lifetimes �  and activation energies Ea are presented 
in Table 1 [50]. The errors in the determination of the 
activation energies are of the order of 1 %, much smaller 
than the experimental ones. This allows us to accept the 
splitting of the broad maximum 2 in two maxima (2’  and 
2”) as corresponding to a real superposition of two distinct 
levels. 
 

Table 1. The values of the parameters for the trapping  
                                 levels in fresh nc-PS. 

 
Ea (eV) 

No. ς (10-18 m2) Nt (1017 m-3) �  (ns) 
Model Exp. 

1 3.0 18.0 50 0.30 0.29 
2’  3.0 15.0 50 0.37 
2”  1.5 2.5 50 0.41 

0.37– 
0.41 

3 0.9 14.0 50 0.47 0.47 
4 3.0 0.85 150 0.61 0.61 

 
The coplanar configuration of the Si/SiO2 

nanocomposites does not allow OCS measurements, due to 
the vanishingly small frozen-in electric field. Besides, the 
conduction currents have to be replaced by tunneling 
currents, at least three orders of magnitude smaller (see 
Section 3). 
 
 

6. Conclusions 
 
To summarize, the electrical properties of 

nanocrystall ine si licon are determined by the quantum 
confinement of the carriers, the transport mechanisms, and 
the surface effects. 

The quantum confinement appears as typical for all  
the nanocrystall ine systems. Its main effect is the 
appearance of new energy levels that are evidenced in           
the I – T characteristics. These levels can be evaluated 
with good accuracy on the basis of an infinite quantum 
well model. 

The transport mechanism depends on the 
dimensionality of the system. While for 1D systems (nc-
PS) the transport mechanism is the band conduction, for 
0D ones (Si/SiO2) the dominant mechanism is the high 
field-assisted tunneling, the corresponding model giving a 
good agreement with the experimental data. 

The large and reactive surface / interface of the 
nanocrystall ine systems determines the appearance of 
large surface / interface trap concentrations. The 
stabil ization of the Si surface by oxidation produces strains 
that induce bulk trapping centers. The model of the OCS 
discharge current in 1D systems is in good agreement with 
the experiment and permits the evaluation of several traps 
parameters that are not directly measurable. 
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