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In this study, we have investigated the carrier transport mechanism across silicon nanocrystals with
the Al / p-Si /Si nanocrystals/Al structure. Sizes of silicon nanocrystals were controlled at diameters
of �6, �8, and �11 nm. It is shown that the conductivity � of silicon nanocrystals, both as-grown
and annealed, exhibits ��exp�−�T0 /T��1/2 behavior under low electrical fields and over a wide
temperature range. The phenomenon of material constant T0 increasing with the decrease of
nanocrystal size has been observed. Considering nanocrystal size effect, experimental results can be
explained by the hopping-percolation model. The influence of nanocrystal size on transport
properties has been discussed. Based on this model, changes in T0 after annealing treatment are
attributed to an increase in effective decay length. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2952036�

I. INTRODUCTION

Semiconductor nanocrystals have attracted much interest
in recent years due to their possible applications to Coulomb
blockade devices, single electron transistors, and nonvolatile
memories.1–3 In order to use nanocrystals for these applica-
tions, detailed knowledge of transport mechanisms across
these nanocrystals becomes necessary and is considered in-
dispensable. Due to the diversity of the nanocrystal system,
various charge-transport mechanisms have been proposed.4

Among these are the SiO2-embedded Si nanocrystals,5 CdSe
nanocrystal ensembles,6 electrochemically doped PbSe
nanocrystals,7 and Ge nanocrystals contained in thin films.8

Most research focusing on semiconductor nanocrystal
ensembles or nanocrystals embedded in an insulator matrix
usually had the problem of controlling size variation within a
small range. This being the case, it is difficult to investigate
the influence of nanocrystal size on the conductivity of these
systems. In a former report,9 we demonstrated hopping con-
duction in size-controlled Si nanocrystals, 8�1 nm in size,
from 40 to 200 K. However, the effect of Si nanocrystals
diameter variation on its transport properties still remains
unexplained.

In this paper, we describe the effect of changing the
diameter of Si nanocrystals in the thin layer of Si nanocrys-
tals. In all samples with different nanocrystal sizes, we ob-
served ��exp�−�T0 /T��1/2 dependence. This behavior can be
explained well by the percolation-hopping conduction
model. Based on this model, we discuss the influence of
nanocrystal size on transport mechanism. We note that nano-

crystal size plays a central role in the conduction process. In
addition, the effect of annealing treatment has also been dis-
cussed.

II. EXPERIMENTAL DETAILS

Si nanocrystals were deposited on p-Si substrates with a
resistivity of 0.02 � cm by very-high-frequency SiH4

plasma cell.10 Nanocrystal size was then varied by changing
the flux of SiH4 while keeping the flux of Ar at 90 SCCM
�SCCM denotes cubic centimeter per minute at STP�. The
plasma power was controlled to be within 1.5–2 W. In this
experiment, we prepared Si nanocrystals of diameters 6�1,
8�1, and 11�1 nm for each sample. After Si nanocrystal
deposition, a thin SiO2 layer, about 1–2 nm in thickness, was
deposited on the layer of nanocrystals by plasma-enhanced
chemical vapor deposition. Because of the many voids in the
nanocrystal film, this method prevents the unfavorable pos-
sibility of Al entering the nanocrystal film and touching the
substrate, which can make the device short. Subsequently,
electrodes that vary in size from 300�300 to 500
�500 �m2 were fabricated by Al evaporation through a
metal mask. Al / p-Si /Si nanocrystals/Al device, a structure
similar to that used in the previous study,9 was fabricated.
Figure 1�a� illustrates a schematic diagram of the fabricated
structure. Holes are injected into the nanocrystals by apply-
ing positive voltage on p-Si substrate. A scanning electron
micrograph of these nanocrystals is shown in Fig. 1�b�. The
size of nanocrystals has been well controlled. Each dot is
covered by a SiO2 shell 1.5 nm in thickness, which is formed
by natural oxidation. Figure 1�c� demonstrates a cross-
sectional view of the Si nanocrystal layer. Prior to electrode
fabrication, one sample from each group was annealed in
hydrogen atmosphere at a temperature of 430 °C. The de-
tailed parameters of samples A, B, and C are listed in
Table I.
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III. RESULTS AND DISCUSSION

Figure 2 shows the current-voltage �I-V� characteristics
of the Al / p-Si /Si nanocrystals/Al structure with different Si
nanocrystal thicknesses and electrode sizes at 40 K. Curves
A and C represent the I-V characteristics of samples A and C,
respectively, having an electrode size of 500�500 �m2.
Curve B represents sample B having Si nanocrystals layer of
300 nm in thickness and 300�300 �m2 electrode size. All
curves exhibit rectifying behavior. In order to confirm
whether the rectifying behavior originates from the Al / p-Si
substrate or not, I-V characteristics of the Al / p-Si
substrate/Al structure were measured at the same tempera-
ture, as shown in the inset of Fig. 2. The structure of Al / p-Si
substrate is found to make Ohmic contact as verified by the
linearity of I-V characteristics. The resistivity of the Si
p-type substrate used in our device is 0.02 � cm, which is
low enough to avoid influence from the substrate. Therefore,
we assumed that the rectifying behavior originates either
from Si nanocrystals/p-Si contact or Al/Si nanocrystals inter-
face.

As shown in Fig. 2, the I-V characteristics do not scale
with electrode size and reciprocal of the Si nanocrystal layer
thickness. Both the voids in the nanocrystal film and the
fluctuation of interface states make transport process much
more complicated. In this kind of system, resistance is
known to depend not only on the effective number of parallel
current pathways �NP� under electrode, the number of tunnel
junction �NS� in series, and the resistance of each junction
�Rt� but also on the distribution of Si nanocrystal in lateral
and vertical directions. This is also clear from scanning elec-
tron microscopy �SEM� micrograph of nanocrystals pre-

sented in Fig. 1�b�. Usually, NP and Ri�Rt ,NS� scale with the
density of Si nanocrystal in both vertical and lateral direc-
tions. With this in mind, we can describe it in simple formu-
las

1

Rfilm
= �

i=1

NP 1

Ri
, �1�

Ri = �
t=1

NS

Rt, �2�

where Ri is the total resistance of each current path. For
samples with the same thickness, which contain the smaller
dot, Rt will be larger because of higher interface defects.
Conversely, the effective number of both parallel current
path �NP� and tunnel junction �NS� will be larger. Hence, the
resistance of each sample will be mainly determined by the
competition between NP and Ri�Rt ,NS�. Compared with the
other two samples, sample B may have a larger number of
effective parallel current paths playing a more important de-
ciding role in terms of the whole nanocrystal film’s resis-
tance.

Figure 3 illustrates the ln����T−1/2 plots for samples B
and C from 40 to 200 K and for sample A from 60 to 200 K.
The plots exhibit a linear behavior between ln��� and T−1/2

for both as-grown and annealed samples. This indicates the
same dependence of ��exp�−�T0 /T��1/2 similar to former
reports.9 We have observed an inverse relationship in this
plot, that is, the slope of the ln����T−1/2 plot increases as
nanocrystal size decreases. This ln����T−1/2 behavior has
been frequently explained by the Efros–Shklovskii variable
range hopping �ES-VRH�, percolation-hopping model, and
the Sheng model.11–13 However, it has been determined that
the ES-VRH model is not sufficient to explain reasonably the
conduction mechanism in this kind of Si nanocrystal films.9

In relation to this, Sheng13 derived an ln����T−1/2 formula
for granular metals. They proposed that s and d have some
correlation. Based on that, sEc is supposed as a constant

TABLE I. Fabrication condition of Si nanocrystals.

Sample

Dot
diameter

�nm�
Thickness

�nm�

Electrode
size
��m2�

Annealing
temperature

�°C�

A 6�1 �150 500�500 430
B 8�1 �300 300�300 430
C 11�1 �150 500�500 430

FIG. 2. I-V characteristics of the Al / p-Si /Si nanocrystals/Al structure for
samples A, B, and C, measured at 40 K. The inset figure shows the I-V
characteristics of the Al / p-Si substrate/Al structure also measured at the
same temperature.

FIG. 1. �Color online� �a� Structure for the I-V measurements, �b� scanning
electron micrograph of the Si nanocrystals, and �c� schematic cross-section
view of Si nanocrystals.
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whose value depends only on the composition of the sample
and the dielectric constant of the insulator. Here, s is the
separation between grains, d is grain size, and Ec is charging
energy. Thus, smaller Ec usually is associated with larger
tunneling barrier by this rule. For our samples, there is no
correlation between nanocrystal separation and size since the
SiO2 shell of each nanocrystal dot is caused by natural oxi-
dation process. Therefore, to be able to quantitatively com-
pare the experimental results with the theory, we used the
percolation-hopping model in which T0 is expressed by11

T0 =
2PcsmaxEa,max

kB�
. �3�

Here, Pc is the percolation threshold, smax is the maximum
separation of particles in the current path, kB is the Boltz-
mann constant, and � is the effective decay length for the
wave functions of carriers in the insulating region. According
to this model, each nanocrystal semiconductor is character-
ized by �i� charging energy Ec and �ii� Ed, which is the de-
gree of the conduction band edge shift from the bulk edge
due to size quantization. Hence, if a nanocrystal is sur-
rounded by many nanocrystals, the charging energy of the
nanocrystal is expressed as15

Ec =
e2

4�		0

1

d
� s/d

0.5 + s/d� . �4�

The expression for Ed is elucidated by16

Ed =

2�2

2m*

1

�d/2�2 . �5�

Here, the maximum value of the activation energy is consid-
ered as Ea,max=Ed,max+�Ec. Ed,max is the largest degree of
conduction band edge shift. �Ec is the difference in charging
energy between the large and small nanocrystals. Pc is then
chosen as 0.25 as an approximation corresponding to a
simple cubic lattice.9 Employing the definition of nanocrystal
separation as the distance between the edges of nanocrystals,
the smax in our sample is independent of dot size and can
roughly be considered at a constant �3 nm. Sheng et al.,14

however, pointed out that the decay rate of electron wave
function in the oxide can roughly be evaluated as �
	
2m / �h /2��2, where m denotes the carrier effective
mass,  is the effective barrier height, and h is the Planck
constant. Using �=1 /� with an average hole effective mass
of 0.57m0 �Ref. 17� and a barrier height of �4.7 eV �Ref.
18� for holes, � is approximately 0.1 nm. Using the values of
the above parameters, T0 was calculated by Eq. �3� and the
results are summarized in Table II. From the experimental
results, we have observed that T0 is independent of the nano-
crystal layer thickness but is dependent on dot size. It is
evident from Eq. �3� that T0 is dependent on smax, Ea,max, and
�. For our samples, there is nearly no change in smax when
the size of nanocrystals decreases. Since Ec and Ed are func-
tions of d−1 and d−2, respectively, the reduction of dot size
makes significant increases in Ec and Ed. Ea,max increases and
becomes much more sensitive to the size of the nanocrystal
as its size decreases. Therefore, T0 increases as nanocrystal
size decreases, which supports experimental results. As for
the decay length, due to higher surface states and interface
defects, the barrier height of the smaller nanocrystals is

FIG. 3. ln��� as function of T−1/2 for sample A measured from 60 to 200 K
and samples B and C from 40 to 200 K, as-grown and after hydrogen
annealing. The solid lines are at least squares fits to the data.

TABLE II. Estimated values of �Ea,max, T0, � and experimental value of T0.

Sample
�Ea,max

�meV� T0 �Calc.� T0 �Expt.� � �Calc.�

A 121 2.11�104 2.24�104 0.093
B 62 1.07�104 1.04�104 0.103
C 32 5.22�103 5.33�103 0.105
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higher. Consequently, with a decrease in nanocrystal size, the
effective decay length � for the holes in the SiO2 region
usually becomes smaller. The measurement result of T0 and
Eq. �3� is used to calculate �; the results are listed in Table
II. We can easily perceive that � depends on the size of the
nanocrystals.

After annealing treatment, the slope of the ln����T−1/2

plot for each sample decreases. The T0 of samples A, B, and
C changes to 1.54�104, 4.97�103, and 2.53�103, respec-
tively. This can be seen from the above discussion that
change of Ea,max and � can influence T0. In order to deter-
mine the actual influence of hydrogen annealing treatment,
some analyses based on Eq. �3� were performed. For sample
B, let us consider ��0.1 nm. T0 �after annealing� is gained
from Fig. 3. Then, Eq. �3� gives the value Ea,max=29 meV,
as the value of Ea,max has a direct relationship with nanocrys-
tal size. Thus, with the comparison between the Ea,max of
annealed sample B and as-grown sample C, it is reasonable
to conclude that the nanocrystal size, after annealing, should
increase to be larger than 10–12 nm. Verification of this
change can be done by SEM. However, we did not find any
change in the nanocrystal size after annealing treatment from
SEM. Therefore, the change in slope is due to a decrease in
�, as indicated by Eq. �3�. This is attributed to hydrogen
annealing treatments that reduce the interface defects of
SiO2 /Si, especially the dangling bonds, due to the
H-passivation effect. This change of � can also be roughly
evaluated by Eq. �3�.

IV. CONCLUSION

We have studied the transport mechanism across size-
controlled Si nanocrystal films. We have investigated the in-
fluence of nanocrystal size on conduction mechanism.

Samples with different dot sizes exhibited ln����T−1/2 de-
pendence. Slopes of ln����T−1/2 increase with the decrease
in nanocrystal size. The ln����T−1/2 dependence can be ex-
plained by the percolation-hopping model. Using this model,
the change in slopes of ln����T−1/2 curves after annealing
treatment is associated with a change in �.
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