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Resonant tunnelling in nc-Si/SiO2 multilayers at room temperature�
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Abstract: Nc-Si/SiO2 multilayers were fabricated on silicon wafers in a plasma enhanced chemical vapour depo-
sition system using in situ oxidation technology, followed by three-step thermal treatments. Carrier transportation
at room temperature is characterized by current voltage measurement, and negative different conductances can be
observed both under forward and negative biases, which is explained by resonant tunnelling. The resonant tun-
nelling peak voltage is related to the thicknesses of the nc-Si and SiO2 sublayers. And the resonant tunnelling peak
voltage under negative bias is larger than that under forward bias. An energy band diagram and an equivalent circuit
diagram were constructed to analyze and explain the above transportation process and properties.
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1. Introduction

Silicon quantum dots have been studied for years and
many properties overmatching bulk silicon have been discov-
ered. Except high efficient light emission propertiesŒ1�4�, car-
rier transport in nc-Si such as Fowler–Nordheim (F–N) tunnel-
ingŒ5; 6�, direct tunneling and resonant tunneling. Special car-
rier transport, such as resonant tunnelling due to energy level
quantization in the quantum well, drives scientists to construct
new devices called resonant tunnelling devices (RTDs)Œ7�9�,
etc. It is known that resonant tunneling originates from energy
level quantization in a quantum well confined between mate-
rials of larger band gap. When tunnelling takes place, injec-
tion carriers with energy equal to the quantized energy level
in the quantum well tunnel and the energy barrier and drive
current flow across the devices. The RTDs possess many prop-
erties, such as low power consumption, high speed and mul-
tiple stable states, making them promising for nanoelectronic
applicationsŒ10; 11�. It should be pointed out that the confine-
ment materials play important roles in the properties of the de-
vices, and many materials could be chosen for this role, such
as SiCx , SiNx and SiOx , or others with a large band gap. Res-
onant tunnelling in the nc-Si/SiNx system has been reported
previouslyŒ7�. The peak to valley current ratio (PVCR) differs
greatly under illumination and dark, reaching to 2240 and 390,
respectively. In comparison with SiNx , SiO2 dominates as a
barrier material. First, SiO2 can adhere to Si well and provide
better interface characteristics; second, the fabrication process
is compatible with the microelectronic process; third, the band
gap is about 8.9 eV, greater than that of SiNx , making mul-
tiple resonant tunnelling possible. So we choose SiO2 as the
confinement material. Nc-Si/SiO2 multilayers were fabricated
to form multi-barriers and resonant tunnelling was studied in a
dark room.

2. Experiments

The samples were deposited in a plasma enhanced chem-
ical vapour deposition systemŒ12�, alternating amorphous sili-
con (˛-Si) deposition and in situ oxidation processes, as shown
in Fig. 1. The radio frequency is 13.56 MHz and the deposition
temperature is kept at 250 ıC. The as-deposited samples were
annealed step-by-step (dehydrogenation at 400 ıC for 40 min;
rapid thermal annealing at 1100 ıC for 50 s; furnace annealing
at 1000 ıC for 40 min). The ˛-Si crystallized during annealing.
Then aluminum was vaporized on both surfaces of the sam-
ples as the electrode contact, as shown in Fig. 1. In the current
work, p-type crystal silicon wafers were used as substrates. The
˛-Si deposition time was set to 10 s, and the in situ oxidation
time was set to 20 s (for sample A) and 10 s (for sample B),
respectively, in comparison. Eight periods of nc-Si/SiO2 were
fabricated. The current voltage curves were measured at room
temperature using an Agilent 4156C semiconductor parameter

Fig. 1. Structure sketch of the nc-Si/SiO2 multilayers.
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Fig. 2. Raman scattering curves for samples A and B.

analyzer and an Agilent 4284A LCR meter.

3. Results and discussion

The microstructures of samples A and B were character-
ized bymeasurement of Raman scattering spectra in Fig. 2. The
transverse optical (TO) vibration mode in the nc-Si grain was
about 517.5 and 518.6 cm�1, respectively. The TO mode for
single crystal silicon was 521 cm�1. According to the phonon
confinement modelŒ13�,

d D 2�

r
B

�!
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where d is the grain diameter, B D 2.24 nm2/cm is a constant,
and �! is the frequency shift of the TO mode in the nc-Si
grain than that in the single crystal silicon. From Eq. (1), the
diameters of the nc-Si grains are 5.0 and 6.0 nm, respectively,
for samples A and B.

Figure 3(a) shows the current voltage characteristics for
samples A and B. Resonant tunnelling peaks can be observed
under both forward and negative biases. For sample A, the res-
onant tunnelling peak voltage (RTPV) is about 3V and the peak
to valley current ratio (PVCR) is nearly 2 under forward bias;
the corresponding values are 9 V and 1.1 under negative bias
from resonant tunnelling data in Fig. 3(b). For sample B, the
RTPV values are 1.8 V and 7.5 V, and the PVCR values are
4 and 1.25, respectively, under forward and negative biases.
The PVCR values are greater for sample B than for A, and this
may be related to the width of quantized energy sub band in the
quantumwell confined by the finite SiO2 barrier. Outside of the
resonant tunnelling peak, the current is not zero and increases
with applied bias, caused by the other types of transportation
mechanisms, such as FN tunneling and direct tunneling. These
mechanisms dominate the transportation process in different
electric field regionsŒ14�.

In this paper, we discuss the electron transportation process
only. The resonant voltage Vp is expressed asŒ15�
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Fig. 3. (a) Current–voltage curves and (b) resonant tunnelling data
under negative bias for samples A and B.

Vp �
2.En � Ec-inj/

q
; (3)

where h and „ are plank and reduced plank constants; q andm�

are charge and effectivemass of electron (we takem� � 0.6m0,
m0 is static mass of electron); kx is the momentum parallel to
the tunnelling direction and is quantized in the quantum well,
which results in the energy level En quantized as in Eq. (2);
Ec-inj is the energy level of electrons injected from the elec-
trode; n is the quantum number; and Wwell is the width of the
quantum well, equal to the nc-Si grain diameters according to
the confinement crystallization principle, and these are 5 and
6 nm, respectively, for samples A and B.

In our experiments, the nc-Si grains function as a quantum
well and are confined between SiO2 sublayers, which function
as tunneling barriers. Figure 4 is the energy band sketch of the
structure. For samples A and B, the fabrication conditions are
all the same, except for the oxidation time. This is 20 s for sam-
ple A and 10 s for sample B. This means that the thickness of
the SiO2 sublayers is greater for sample A than B (WA > WB/,
and the thickness of the nc-Si grains sublayers is smaller for A
than B (WwellA D 5 nm < WwellB D 6 nm). So the first quan-
tized energy level E1A (n D 1) in sample A is larger than that
in sample B, E1B, according to Eq. (2) (i.e. E1A (0.05 eV) >

E1B (0.035 eV)). Ec-inj is equal to the sum of the work function
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Fig. 4. Energy band diagram of the nc-Si/SiO2 multilayers (a) in ther-
mal equilibrium and (b) under negative bias.

˚Al for Al electrodes and the applied bias, and it is the same
for samples A and B. So, from Eq. (3), Vp value for Sample A
(VpA D 0.1 V) is larger than VpB (VpB D 0.07 V). On the other
hand, the SiO2 sublayers are thicker for sample A, when ap-
plying bias, more voltage drops across the SiO2 sublayers, so
higher voltage is needed for sample A to increase the energy
level from Ec-inj to E1A. Furthermore, the thicker SiO2 results
in a larger band width of the resonant tunneling band for sam-
ple B. Thus, Vp expressed in Eq. (3) is only the voltage drop
across the electrode to the nearest nc-Si well, which is smaller
than the measured values shown in Fig. 3. And the measured
RTPV is the total voltage drop across the sample, and is related
to the thicknesses of both the nc-Si and the SiO2 sublayers.

Resonant tunnelling takes place also when negative bias is
applied, but the RTPV is higher than that under forward bias
for both samples A and B. This can be explained by the en-
ergy band diagram and the equivalent circuit diagram shown
in Figs. 4 and 5. Here, it is supposed that an ohmic contact was
formed between the Al electrode and the p-Si substrate. The
work function of the Al electrode, nc-Si and p-Si substrate are
about 4.25, 4.60 and 4.99 eV, respectively. When there is no
applied voltage across the structure, their Fermi levels line up
in thermal equilibrium by band bending, as shown in Fig. 4(a).
Holes accumulate at the interface of the p-Si substrate and the
first SiO2 sublayer, leaving a negative stationary charge in the
body. This forms the built-in electric field directed from the
interface to the body, as shown in Fig. 4(a). The energy band
structure resembles that of the PN junction, except that no car-
riers diffuse over the SiO2 barriers. In the equivalent circuit di-

Fig. 5. Equivalent circuit diagram of the sample under bias.

agram in Fig. 5, a diode with a tilde mark called the semblable
diode is used to stand for the function of the above band bend-
ing. The nc-Si/SiO2 multilayers of eight periods are treated as
a variable resistance, whose resistivity drops greatly when res-
onant tunnelling occurs.

When forward bias is applied, the diode turns on, and as
the energy level of the electrons in the Al electrode is the same
as that of the first quantized energy level in the nearest quantum
well, resonant tunneling takes place.

When negative bias is applied, the holes accumulated at
the interface are firstly drawn back to the body and then, with
increasing the bias, depletion occurs at the interface. If the bias
is increased further, inversion will occur, as shown in Fig. 4(b).
The minority (i.e. electrons) will be collected at the interface.
When the bias is high enough to power the electrons with en-
ergy equal to the quantized energy level in the nearest quantum
well, resonant tunneling happens. So, the RTPV under negative
bias is higher than that under forward bias for both samples.

4. Conclusions

In conclusion, carrier transportation in nc-Si/SiO2 mulit-
layers fabricated in a PECVD systemwas characterized by cur-
rent voltage measurement. Resonant tunnelling was observed
under both forward and negative biases at room temperature.
The RTPV is related to the thicknesses of SiO2 and nc-Si sub-
layers. The thicker the SiO2 and the thinner the nc-Si, the
higher the RTPV. On the other hand, the RTPV under nega-
tive bias is larger than that under forward bias. An energy band
sketch and equivalent circuit diagram were constructed to ana-
lyze the transport processes. Under negative bias, the energy
band of the p-Si substrate was firstly flattened, then depleted,
and even inversed at the interface with increasing bias. If the
bias is high enough to power the electrons collected at the in-
terface to gain energy equal to the quantum energy level in the
well, resonant tunnelling through the SiO2 barrier occurs.
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