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Quantum mechanical electron tunneling has potential applications in both science and
technology, such as flash memories in modern LSI technologies and electron transport

chains in biosystems. Although it is known that one-dimensional quantum -electron



tunneling lacks temperature dependence, the behavior of electron tunneling between
different dimensional systems is still an open question. Here, we investigated the electron
tunneling between a two-dimensional electron gas (2DEG) and zero-dimensional Si
quantum dots and discovered an unexpected temperature dependence: At high temperature,
the gate voltage necessary for electron injection from 2DEG to Si quantum dots becomes
markedly small. This unusual tunneling behavior was phenomenologically explained by
considering the geometrical matching of wave functions between different dimensional
systems. We assumed that electron tunneling would occur within a finite experimental
measurement time. Then, the observed electron tunneling is explained only by the
contributions of wave packets below the quantum dot with a finite lifetime rather than the

ordinary thermal excited states of 2DEG.



1. Introduction

Quantum mechanical electron tunneling has crucial applications in science and technology
[1]. Electron wave functions can tunnel through a potential barrier by overlap between
initial and final state wave functions, and quantum mechanical electron tunneling has made
possible modern semiconductor technologies such as flash memories in very large scale
integration (VLSI) devices [2,3]. The basic tunneling treatment has apparently been
established, and tunneling modes can typically be classified as resonant, Fowler-Nordheim,
or direct tunneling [4]. However, conventional treatments of electron tunneling imply that
the simple one-dimensional overlap integral between the initial and final state wave
functions determines the tunneling probabilities, assuming that both wave functions and the
potential barrier infinitely extend in the direction perpendicular to the propagation direction.
Furthermore, quantum electron tunneling has been known to lack temperature dependence,
as long as the tunneling mode is direct. In fact, Wakabayashi et al. reported no temperature
dependence of subthreshold characteristics in transistors with very small gate lengths [5].
Here, we investigated the electron tunneling from a two-dimensional electron gas (2DEG)
to zero-dimensional Si quantum dots (QDs) and discovered an unexpected temperature
dependence. The gate voltage necessary for electron injection from 2DEG to Si QDs
becomes markedly small, at high temperature. This was phenomenologically explained by
the temporal and spatial fluctuations in a 2DEG, originating from the geometrical matching
of wave functions between different dimensional initial and final states, assuming that the

electron tunneling occurred within a finite experimental measurement time.



Electron tunneling between different dimensional systems commonly occurs in real
situations. Tunneling from two-dimensional to zero-dimensional systems is a well-known
phenomenon. For example, tunneling currents through a dielectric barrier via zero-
dimensional quantum dots or defects have been studied extensively from both scientific and
technological view points [6-10]. Moreover, even in biosystems, electron transfer between
an extended p orbital in a porphyrin ring and a localized atomic orbital of a metallic ion is
expected to be related to the physiological functions of proteins [11]. The deep
understanding of electron tunneling between different dimensional systems should lead to
significant progress in a wide range of scientific and technological areas.

For tunneling phenomena between different dimensional systems, the geometrical
matching of wave functions, which is neglected in conventional one-dimensional tunneling
treatments, is important [12], in addition to the electron-energy matching between initial
and final states (the resonant condition), assuming that tunneling events occur within a
finite experimental measurement time (Fig. 1). Electron tunneling occurs only when the
electron wave functions are sufficiently wave-packet-like just below the zero-dimensional
sites caused by the thermal fluctuation. However, if the dimensions of the initial and final
states are the same, no modification of the initial state electron wave functions is necessary
to achieve geometrical matching, so only the resonant condition governs the electron
tunneling. To achieve the above-mentioned geometrical matching, the wave-packet-like
modification of wave functions by the thermal fluctuation should play crucial roles in
electron tunneling. This implies that the electron tunneling between different dimensional

systems generally shows temperature dependence, unlike that between the same



dimensional systems. However, tunneling phenomena have not yet been considered in light
of the differences in the initial and final state dimensions.

The organization of this paper is as follows. In §2, we describe our Si quantum dot
samples. We show the main results and discussion in §3, and the conclusions are given in

§4.

2.  Samples

In this study, we considered a sample in which Si QDs were weakly coupled to a 2DEG
through a 3.5-nm-thick SiO; barrier layer [13]. Figures 2(a) and 2(b) show schematics of
the Si QD-2DEG coupled sample and transmission electron microscopy (TEM) images of
the Si QD, respectively. The Si QD was hemispherical in shape, and the estimated average
height, diameter, and density were 5.1 nm, approximately 10 nm, and 1.7x10'" cm™,
respectively. To investigate the characteristics of the Si QD, we examined the electronic
structures of a spherical Si QD model by first-principles calculations within the local
density approximation (LDA) and norm-conserving pseudo potential [14-18]. In the
calculation, the real space formalism was used for large-scale calculations [19-21]. The
calculated density of states is shown in Fig. 2(c). As shown, the spherical Si QD of 5 nm
diameter has almost continuous energy levels except in the band-edge regions, although it
was sufficiently small to reveal a zero-dimensional characteristic from a geometrical
viewpoint. In particular, the average energy level splitting of the spherical Si cluster model
was 0.5-1.0 meV in the energy region of approximately 1.4 eV above the conduction band

bottom, which corresponded to the typical energy range of electron injection from the

2DEG to Si QDs in our experiments. Accordingly, the resonant condition was almost



always satisfied regardless of the applied gate voltage in our experiments with the typical
temperature range between 100 and 240 K. The resonant condition, however, was
commonly the most important for electron transfer from the 2DEG to QDs in previous
experiments, which generally used smaller QDs with large energy spacing between
quantized levels [7-10]. Our current sample was designed such that the wave-packet-like
modification of the 2DEG wave function induced by the thermal fluctuation played the
most important role in electron injection from the 2DEG to Si QDs, instead of the resonant
condition. The electron tunneling from two-dimensional to one-dimensional systems could
also be examined in our Si QD samples, as a high-quality 2DEG formed at Si/SiO,

interfaces [22, 23].

3. Results and Discussion

The electron injection currents from the 2DEG to Si QDs were measured as functions of
the gate voltage (V) between an n'-poly-Si gate electrode and a p-Si substrate. Figure 3
shows the observed displacement electron currents as functions of V' and temperature (T).
Clear peaks corresponding to electron injections from the 2DEG to Si QDs appeared at +2
to +4 V to gate. The appearance of multicurrent peaks was explained on the basis of the
Coulomb blockade effect. Surprisingly, the gate voltages necessary for the electron
injection from the 2DEG to Si QDs had a clear temperature dependence, although the
electron injection currents through a sufficiently thin 3.5 nm SiO, barrier layer have
conventionally been described using a temperature-independent direct tunneling scheme.
The observed gate voltages necessary for the electron injection markedly changed from 3.7

to 2.2 V as the temperature increased from 120 to 240 K.



The direct tunneling current through a simple energy barrier has been suggested to
have no temperature dependence on the basis of the quantum mechanical consideration [1].
This indicated that a novel mechanism originating from the difference in dimensions
between the 2DEG and Si QD governed the temperature dependence. To explain this
unexpected finding, we have made a basic phenomenological assumption that the tunneling
event should occur within a finite experimental time. On the basis of the above assumption,
only the highly localized 2DEG wave functions can contribute to tunneling events from the
2DEG to the QDs. The wave functions correspond to the “sufficiently localized” wave-
packet-like ones, whose energies are larger than a critical value and play crucial roles in the
elessctron tunneling between different dimensional systems.

We investigated the energy of a Gaussian-type wave packet as a function of a half-
width of a Gaussian-type wave packet to qualitatively explain the above unusual
temperature dependence. As shown in Fig. 4, Gaussian-type wave packets with a narrow
half-width have high energies. Accordingly, “sufficiently localized” wave-packet-like wave
functions in a 2DEG can be generated easily at high temperatures owing to thermal
fluctuation. Accordingly, the gate voltages necessary for electron injection (V) decrease
with the increase in temperature, qualitatively reproducing the present unexpected
temperature dependence. Although the physical origin of the present phenomenological
assumption is unclear, there is a possibility that a dynamical electron correlation may cause
a critical energy value of wave-packet-like 2DEG wave functions, which can contribute to
electron tunneling between 2DEG and Si QDs [24]. However, further careful and detailed

discussions are necessary to clarify the present unexpected phenomena.



Next, we discuss the temperature dependence of the multicurrent peaks in I-V
characteristics which we attributed to Coulomb blockade. The differences between
multicurrent peaks are about 100-200 meV; the difference between peak 2 and peak 1 and
that between peak 3 and peak 2 are about 200 and 100 meV, respectively. Moreover, these
differences have a small temperature dependence, although the peak width is broadened at
high temperature.

These values of 100-200 meV are much larger than the difference between 5 nm-
diameter dot levels of approximately 0.5 meV, as shown in Fig. 2(c). Discrete levels of this
dot (~0.5 meV) can only be detected in very low temperature experiments. Our first-
principles calculations also showed that the charging energy of the 5 nm-diameter dot is
about 100 meV if the dot is embedded in SiO, with a dielectric constant of 3.9. Thus, we
conclude that the observed multicurrent peaks essentially originate from the Coulomb
blockade effect. However, this Coulomb blockade effect is a slightly different from that
observed in a single electron transistor (SET). In our sample, electrons are only injected
from 2DEG to Si QDs. On the other hand, electrons tunnel through QDs to drain electrodes
in SET samples. Thus, one peak essentially corresponds to one electron injection into Si
QDs in our sample. Thus, even in the situation in which tunneling events are likely to occur
at high temperature, a marked peak height increase does not occur.

However, many experiments have not shown a clear temperature dependence. For
example, the reported electron current characteristics through QDs in SET structures have
little temperature dependence [7-10]. What was the origin of the discrepancy between our
results, which showed a clear temperature dependence, and those of previous reports, which

showed little temperature dependence? A notable difference was that previous studies used



smaller QDs by targeting the systematic consideration of the coupling between discrete QD
levels and the 2DEG. Accordingly, the resonant condition rather than the wave-packet-like
modification of the 2DEG wave functions induced by the thermal fluctuation governed the
tunneling currents, leading to little temperature dependence of /-V characteristics. In our
sample, however, the resonant condition was almost always satisfied regardless of the
applied gate voltages, as shown by the first-principles calculations [Fig. 2(c)]. Accordingly,
the thermal fluctuation of the 2DEG wave functions is crucial for the electron injection
from the 2DEG to the zero-dimensional Si QDs. This implied that the difference in
dimensions between the initial and final states was important for electron tunneling.

In short, the observed temperature dependence of tunneling currents originated from
the non thermal-equilibrium nature of the 2DEG electrode, which has conventionally been
treated as a reservoir in thermal equilibrium. The importance of the non thermal-
equilibrium nature of electrodes has been pointed out theoretically; the quantum reflection
in a drain electrode plays a crucial role in one-dimensional ballistic transport [25, 26].
Moreover, we expect that other types of thermal fluctuation effects in 2DEGs may be
detected by further systematic investigations of electron tunneling between different
dimensional systems even under resonant conditions.

4. Conclusions

We have found that electron tunneling between different dimensional systems
showed an unexpected temperature dependence owing to the temporal and spatial
fluctuations of electron wave functions in the initial states. This unexpected temperature
dependence can be qualitatively reproduced on the basis of the phenomenological

assumption that sufficiently wave-packet-like wave functions, whose energies are larger
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than the critical value, can contribute to the electron tunneling between different

dimensional systems.
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Figures
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Fig. 1

Fig. 1. Schematic of electron tunneling from a two-dimensional system to a zero-
dimensional system. If the geometrical matching of the electron wave functions is not
satisfied, electron tunneling from a two-dimensional to a zero-dimensional system does not
occur (left). Electron tunneling can occur only when geometrical matching of the wave

functions is achieved (right).



14

(a) (b)

—
(2]
~—

3
. Sidots — 2 <
SiO, ' > 1l
" YY Y ¥ e
S 2l ™
Si substrate W .3—"
DOS (meV-1)

Fig. 2

Fig. 2. (a) Schematic of a sample of the Si quantum dot metal oxide semiconductor (MOS)
capacitor. Si quantum dots were weakly coupled to a p-type Si substrate through a 3.5-nm-
thick SiO; barrier layer. Si quantum dots were covered by a 7.5-nm-thick controlled SiO,
barrier layer and the electrode was a 300-nm-thick n"-poly-Si. The sample size was 0.5 x
0.5 mm”. (b) Cross-sectional transmission electron microscopy (TEM) images of a Si
quantum dot. Each Si dot had a hemisphere-like structure. (c) Calculated density of states
(DOS) of a Snm-diameter Si nanocluster. The energy of the conduction band bottom was

set as zero.
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Gate Voltage (V)

Fig. 3. Obtained displacement currents (/) measured at different temperatures and the
temperature dependence of the gate voltage necessary for electron injection obtained by
theory and experiments. Displacement characteristics plotted as functions of the applied
gate voltages between an n'-poly-Si electrode and a p-Si substrate (V) at temperatures (T)
between 120 and 240 K. The I~V characteristics were measured using a two-terminal
source meter (2635A, Keithley) with triax cables. The sample was located in a He-flow
cryostat to stabilize the temperature. Each temperature gate voltage was swept with a 10

mV step between —4 and 4 V, corresponding to the effective gate voltage between —2 and 6

V, at a sweep rate of 63 mV/s.
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Fig. 4

Fig. 4. Energy of a Gaussian-type wave packet plotted as a function of a half-width of a

Gaussian-type wave packet.



