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Room Temperature Resonant Tunneling and Negative Differential
Resistance Effects in a Self-Assembed Si Quantum Dot Array”
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(National Laboratory of Solid State Microstructures, Department of Physics, Nanjing University, Nanjing 210093, China)

Abstract: We report the room temperature resonant tunneling and negative differential resistance (NDR) effects
in a self-assembled Si quantum dot (Si-QDs) array. The double-layer structure of Al/SiO,/Si-QDs/SiO, /p-Si sub-
strate is fabricated by layer-by-layer deposition and in situ plasma oxidation in a plasma-enhanced chemical vapor
deposition (PECVD) system. Obvious NDR effects are directly observed in the current-voltage characteristics,and
similar peak structures at the same voltage are also identified in the capacitance-voltage characteristics. Both of
them are attributed to the resonant tunneling and charging dynamics in the Si-QD array. Moreover, the major fea-
tures,such as the scan-rate and scan-direction dependences of the peak structure,are investigated,and the underly-
ing mechanism is found to be quite different from that of a quantum well structure. Based on a master-equation
numerical model, the resonant tunneling and charging dynamics together with the unique features can be satisfac-
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torily explained and reproduced.
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1 Introduction

The resonant tunneling and NDR effects in
double barrier structures have been the focus of
much research in recent decades''~* due to both
interest in the fundamental physics and potential
applications in the design of high speed logic de-

5.6]

vices- More recently, resonant tunneling
through the discrete levels in QDs has become a
new focus in the study of electronic transport
properties because of the novel quantum confine-
ment and Coulomb blockade effects in nanometer-

[7.8]

scaled structures'”*' . However, there is still great

difficulty in the precise fabrication and direct
control of single QDs in device applications™’.
Thus, it is particularly important to study the reso-
nant tunneling and NDR effects in QD arrays, in
order to utilize their unique transport properties
in future device design. Among the many approa-
ches employed to fabricate ultra-small QDs in dif-
ferent materials for applications in devices, self-

assembled Si-QDs are considered one of the most
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promising candidates for future applications,
which could be exploited for their inexpensive
mass production of well-defined high density QDs
with good size dispersion.

In this paper,we demonstrate the room tem-
perature resonant tunneling and NDR effects in a
self-assembled Si-QD array.in which the density is
about 5 X 10" cm™? with an individual spherical
QD size of 6nm and a deviation of less than 10% ,
which provides a good basis for the observation of
collective resonant tunneling and NDR effects in
the a Si-QD array. We further compare the reso-
nant tunneling and NDR effects of a Si-QD array
to those of a quantum well (QW) structure and
then discuss their different underlying mecha-
nisms. A master-equation-based numerical model
is established, and the observed scan-rate and
scan-direction dependences., which are related to
the tunneling and charging dynamics in the Si-QD
array, are well explained and reproduced. Thus,
we provide direct experimental evidence for the
resonant tunneling and NDR effects in a Si-QD
array, which has important application potential
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in future quantum logic devices.

2 Sample fabrication and measure-
ment

The Al/SiO,/Si-QDs/SiO, /p-Si structure was
fabricated on substrates of p-type (7~90Q + cm)
crystalline silicon (100) in a plasma-enhanced
chemical vapor deposition (PECVD) system at
250C. First, a tunneling SiO, layer of 2nm was
formed by plasma oxidation directly on the silicon
substrate. Then, a Si-QD array layer was fabrica-
ted from a hydrogen-diluted silane gas mixture
with a layer-by-layer deposition technique. Final-
ly,a thinner gate SiO, layer was made in situ by
plasma oxidation again under similar conditions as
those of the tunneling SiO, layer. The details of
the sample fabrication were reported in our previ-
ous work"'. After that,the samples were annealed
in N, ambient at 900C for 30min, which is essen-
tial to the final formation of the well-defined Si-
QDs'"" and to the reduction of interface states
and defects in the structure. Al electrodes with an
area of 0. 8X 10 *cm’ on the topside and backside
were made with the vacuum evaporation method.

Atomic force microscopy (AFM) was used to
characterize the size and the distribution of the Si-
QD array in the sample. Figure 1 is a plane-view
AFM image of the Si-QD array after the gate SiO,
layer was removed with a diluted HF solution. As

Fig.1 A plane-view AFM image of the Si-QD array
after the gate SiO, layer is removed with diluted HF
solution

shown in the image, the shape of the Si-QDs is
roughly spherical,and the mean diameter is 6nm,
with a deviation of less than 10% . The density of

the Si-QDs is estimated to be 5X 10" cm™*. A cross
section image obtained by transmission electron
microscopy (TEM) of the sandwiched structure is
shown in Fig.2,where the interfaces between the
different layers are clear and abrupt.
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Fig.2 Cross-section TEM photograph for the as de-
posited structure

The I-V characteristics were measured using
an HP4156C precision semiconductor parameter
analyzer, while the C-V characteristics were
measured using an HP4294A precision impedance
analyzer,at room temperature.

3 Results and discussion

The typical current-voltage characteristics are
shown in Fig.3(a). (For convenience, the coordi-
nate system is rotated to make the x-axis and y-
axis range from 0 to negative values.) As indica-
ted in Fig.3(a) ,an obvious NDR effect region can
be identified in the voltage range of about — 1.8
~ —2.2V.There are two remarkable features: (1)
in the forward (0~ — 3V) sweep, with the in-
crease of the scan-rate,the falling edge of the first
peak shifts forward to become more negative,and
the peak height “rushes” to higher current values;
the second peak, however, is totally independent
of the scan-rate; (2) In the backward ( =3~0V)
sweep,the reverse sweep shows a suppressed-peak
structure and the positions of the peak shift back-
ward. These features are apparently different
from the previously reported NDR effects ob-
served in quantum well structures” ™. As will be
discussed later, these features are related to the
unique tunneling and charging effects of Si-QD
arrays.

In the C-V characteristics, we observe a simi-
lar peak structure with the same peak position as
that in the I-V characteristics. Moreover, the rela-
tive heights of the first and second peaks are also
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Fig.3 (a) A typical I-V curve with obvious NDR
peaks for different scan rates The forward and back-
ward traces are indicated by arrows. The schematic
band diagram under negative bias and a sample struc-
ture are shown in the top left and bottom right insets,
respectively; (b) A typical frequency-dependent ca-
pacitance-voltage (C-V) characteristic

consistent with those in the I-V characteristics.
According to our previous study, the frequency-
dependent capacitance peak structure originates
from the resonant tunneling response of the dis-
crete confinement levels in Si-QDs"’ , which gives
direct information about the levels’ positions in
Si-QDs and their relative density of states. To-
gether with the I-V characteristics,the C-V char-
acteristics provide direct evidence that the peak
structure and NDR are related to the resonant
tunneling through the Si-QD array.

Further analysis reveals that the major con-
tribution to the tunneling current is electron injec-
tion from the Al electrode rather than hole injec-
tion from the p-Si substrate. As shown in the ener-
gy diagram in the top left inset of Fig.3(a),under
negative bias (0~ — 2. 7V), the holes in the sub-
strate are still expelled from the substrate inter-
face due to the residual fixed positive charged in
the barrier layer (which causes a positive surface
potential in substrate) , which is directly proven by

the flat-band voltage position ( =2.7V) in the C-
V measurements.

The difference between the underlying mech-
anisms for the resonant tunneling and NDR
effects in the Si-QD array and the QW structure
lies in two facts: (1) The resonant tunneling
through the Si-QD array, where each individual
QD contributes one “resonant tunneling path”, is
directly affected by the number of QDs Ngp, that
provide tunneling levels. (2) Due to the ultra-
small size effects of the QDs(just a few nm) . the
Coulomb blockade energy Ecg,resulting from the
charging or trapping of one electron in the dot re-
gion, can be large enough to shift the resonant
level out of the resonant tunneling voltage region
and eventually pinch the “tunneling path” through
this dot.

In our case,the size of the spherical Si-QDs is
about 6nm, and the Coulomb blockade energy is
simply estimated according to a semi-classical con-
stant interaction (CI) model (without considera-
tion of the image forces) .

Ew = q°/Cops = 120meV (D
Here Cops = 4meesio, R = 1. 5aF,where R is the ra-
dius of the dots and g is the elementary charge.
Meanwhile, the quantum confinement energy level
for the dot is estimated in an infinite spherical

hZ

2mgRop,
where v, is the nth zero-point of the spherical
Bessel function j, (r),and the effective mass of

square well model to be E,, = X oy

the electron in silicon is 0. 26 m, , where m, is the
clectron rest mass. The ground state energy is a-
bout Ei’ = Ey,, 2 160meV, and the interval be-
tween the ground state and the first excited state
is about E5¢ = E, 0 — E,,yA160meV , which in our
case is close to the Coulomb charging energy Ecp.
The level-arm-factor for the layered structure
is directly estimated to be
a=d,/(dy+ds+d)=0.2 (2
where d,, dq4,and d, are the thicknesses of the
gate, Si-OD array, and tunneling layers, respec-
tively. Therefore, the voltage position of the ma-
jor resonant energy level can be estimated to be
V =(Eo + Ecs/2+ Waps)/qa 2=— 2.1V
(€))
where Wsics is the energy difference between
the Fermi level of Al and the conduction band
edge of Si. This agrees well with the observed sec-
ond peak’s position. Moreover, we estimate the
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voltage shift of the energy level in a QD when it is
charged with one electron to be

Vai = Ecs/qa == 0.6V 4)
which is large enough to shift the level (by
—0.6V) out of the resonant region. Based on the
above analysis, we can conclude that the peak
structure observed in both the I-V ad C-V charac-
teristics can be attributed to the resonant tunne-
ling through the single confinement level in the
QDs,and the Coulomb blockade energy can readi-
ly pinch the resonant tunneling path when it is
charged with one electron.

As shown in the I-V characteristics, the reso-
nant tunneling current (superimposed on a back-
ground current) increases as the emitter Al Fermi
level approaches the discrete confinement levels
in the Si-QD array. However, there is also a
chance that the electrons will be charged
(trapped) into the QDs and relaxed into the QDs’
related defects or interface states,which are more
stable and localized"'. As we mentioned above,
once every QD in the array is charged with one e-
lectron, the resonant tunneling current through
the confinement energy levels is pinched abrupt-
ly, giving rise to an obvious NDR effect region.
The scan-rate dependence is due to the fact that a
fast scan takes more time (in the bias range) to
charge a fixed number of QDs Ngp,. As to the sec-
ond peak observed in both the I-V and the C-V
characteristics, we attribute it to the bi-stable
transport properties near the valley of the NDR
region. In the reverse sweep from high negative
bias,the resonant tunneling current is greatly sup-
pressed until the discharging (detrapping) of clec-
trons from the Si-QD array.

Moreover,in order to further study the tun-
neling and charging dynamics that occur in the Si-
QD array,a master-equation-based numerical sim-
ulation model is established. The key parameters
involved in the model are the number of QDs N gp,
= Seicerote Dops (estimated from the electrode area
and the density of the Si-QD array) ,the charging
(trap) and discharging (detrap) rates of ., and
Caerap » the Coulomb charging energy Ecg»the quan-
tum confinement energy Eoc.and the temperature
kTg. The definition of the resonant tunneling cur-
rent is proportional to the number of QDs that
contribute a resonant level to the tunneling:

I JDclmmdc(E)f(E) T(E)New(EYAE  (5)

Here the transmission coefficient is assumed to
take on a Lorentzian form:

Toc (1+ (E - Ew)'/kT)™! (6)
This is characteristic for a continuum electron
state incident on the resonant levels in a Si-QD ar-
ray. As shown in Fig. 4 (a), the forward sweep
with different scan rates is demonstrated,and the
major features are well-captured, including the
shift of the first peak and the relative peak
heights. In Fig.4(b),the different peak structures
together with their evolution with the scan rate
can be satisfactorily explained and reproduced.
Good agreement between the experimental and
simulation results helps to further understand the
details of the unique tunneling and charging dy-
namics in the Si-QD array,and to explain the dis-
tinct mechanism compared with that of quantum
well structures. However, further study is needed
to reveal the detailed mechanism that governs the
tunneling and charging dynamics of Si-QD array

systems.
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Fig.4 Numerical simulation results for the I-V char-
acteristics of the resonant tunneling and charging dy-
namics of the Si-QD array (a) For the forward
sweep with different scan rates; (b) For the forward

and backward sweep at two different scan rates
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4 Conclusion

In summary,we have reported the room tem-
perature resonant tunneling and NDR effects in a
self-assembled Si-QD array. in which the unique
tunneling and charging dynamics, manifesting
themselves both in the I-V and C-V characteris-
tics,originate from the quantum confinement and
Coulomb blockade effects of the Si-QD array. A
numerical model is established to illustrate the de-
tails of the underlying mechanism, which is differ-
ent from that of a quantum well structure. Thus
the experimental and theoretical basis for the ap-
plication of a self-assembled Si-QD array in future
clectronic logic devices has been laid.
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