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Resonant tunneling characteristics in SiO 2 ÕSi double-barrier structures
in a wide range of applied voltage

Hiroya Ikeda,a) Masanori Iwasaki, Yasuhiko Ishikawa, and Michiharu Tabe
Research Institute of Electronics, Shizuoka University, 3-5-1 Johoku, Hamamatsu 432-8011, Japan

~Received 22 January 2003; accepted 20 June 2003!

We have found that current–voltage characteristics of resonant tunneling diodes~RTDs! with a
structure of Al/upper-SiO2 /p2-Si-well/lower-SiO2 /n1-Si substrate are distinctly categorized by
the kinetic energy of electrons in the Si well injected from then1-Si substrate. For RTDs with a
lower-SiO2-layer thickness below 4 nm, negative differential conductance is observed in accordance
with our previous work@Y. Ishikawa, T. Ishihara, M. Iwasaki, and M. Tabe, Electron. Lett.37, 1200
~2001!#, where electrons have relatively low kinetic energies below 2.7 eV in the Si well. On the
other hand, RTDs with a lower-SiO2 layer thicker than 5 nm have specific characteristics of a large
current peak and a large hysteresis at higher kinetic energies above 2.9 eV, indicating that hot
electrons are readily stored in the Si well, probably due to enhanced impact ionization scattering.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1603352#
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Since the first report of resonant tunneling diod
~RTDs!, RTDs have been demonstrated mostly in heteroe
taxial systems such as GaAs/AlGaAs,1–3 GaAs/AlAs,4

CaF2 /CdF2 ,5 CaF2 /Si,6 and SiGe/Si systems.7,8 In contrast,
until recently there had been only a few reports on RTDs
the Si/SiO2 system9,10 and besides they did not show neg
tive differential conductance~NDC!, which is the most
prominent feature of resonant tunneling. Most recently,
have fabricated Si/SiO2 RTDs by a wafer-bonding metho
and observed clear NDC, in the Si/SiO2 system.11 In the
present letter, we further investigatedI –V characteristics for
RTDs with varied thicknesses of the lower oxide in a wi
range of applied voltage. As a result, we have found that
diode characteristics strongly depend on the kinetic ener
of injected electrons in the Si well.

In this work, we fabricated RTDs with a structure
Al/upper-SiO2-barrier/p2-Si-well/lower-SiO2-barrier/n1-Si
substrate in the same way as in Ref. 11, which is brie
described later. First, Si-on-insulator wafers with an ultrat
~3–7 nm! buried oxide~BOX! layer were prepared. Then, th
SiO2 /Si double barrier structure was fabricated by thinni
of the top Si layer and oxidation for the formation of a
upper tunneling barrier~2-nm-thick SiO2). The resultant Si
well was about 2 nm in thickness. The Al-electrode area w
about 150mm2 and the measurement temperature was 15
In the I –V measurement, positive voltages were applied
the top Al electrode so that electrons flow from then1-Si
substrate to the top Al electrode.

Figure 1 shows a typicalI –V curve which is observed in
RTDs with a BOX thickness below 4 nm. The applied vo
age range in Fig. 1 corresponds to injected-electron kin
energies in the Si well of 2.7 eV or less. The broken lines
the figure indicate the calculated resonance voltages, as
ing the longitudinal and transverse effective masses for e
trons asml* 50.98m0 and mt* 50.19m0 (m0 : electron rest
mass!, the Si/SiO2 barrier heightfB52.9 eV,12 and the Si
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well width, only one fitting parameter,tSi52.4 nm. The
NDC peak and inflections are in good agreement with
theoretical resonance voltages. Hence, electrical charact
tics of RTDs with a BOX layer thickness below 4 nm a
dominated by the ordinary resonant tunneling mechani
where the kinetic energy of injected electrons in the Si w
is relatively low (,2.7 eV) in comparison with the Si/SiO2
barrier height~2.9 eV!.

Diode properties for RTDs with a BOX layer of 5 and
nm in thickness are shown in Figs. 2~a! and 2~b!. The mea-
surement duration time in these figures is defined by the s
of holding and sampling time of a current at each volta
step (DV510 mV). Some specific characteristics, which a
greatly different from Fig. 1, are observed:~i! a large current
peak in upward voltage ramping with the duration-tim
dependent peak height,~ii ! large hysteresis, and~iii ! an op-
posite~negative! current in downward ramping. As for hys
teresis in RTDs, a parasitic series resistance cause
hysteresis, as previously reported in AlAs/GaAs RTDs,4 but
this kind of hysteresis is independent of ramping rate~or
duration time!. Another origin of a hysteresis is reported
CaF2 /Si RTDs,6 i.e., electron storage effect in the Si well

FIG. 1. I –V characteristics of a RTD with a BOX thickness of 3 nm
measured at 15 K. Broken lines indicate the voltages calculated from
crete energy levels for a Si-well model with finite barrier potentials.
6 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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responsible for the hysteresis. The latter may be partly ef
tive in explanation of our work. However, both reports de
with the direct tunneling mode, while it should be noted th
our results in Fig. 2 were obtained in the Fowler–Nordhe
~F–N! tunneling mode involving high-kinetic energies
electrons in the Si well.

The specific characteristics for thick-BOX diodes sho
in Fig. 2 can be explained by the electron storage due to
hot electron injection in the Si well. Under the F–N tunne
ing condition, the injected electrons in the Si well have re
tively high kinetic energies above 2.9 eV. The injected el
trons with high kinetic energies easily experience imp
ionization scattering and lose their energies, as descr
later. Once the injected electrons are rapidly stored du
upward ramping, the Si-well potential will also be rapid
raised and the voltage-drop across the BOX layer~emitter-
side barrier! will be reduced. This leads to the reduction
the tunneling current in upward voltage ramping. Figure 3
a calculatedI –V curve of a 5 nm BOXdiode for a ramping
rate ~duration time! of 3 s, taking into account the electro
storage effect reflecting impact ionization scattering, un
the assumption that the stored electrons are fixed in the
~not released!. The hysteresis in downward voltage rampi
is also reproduced in Fig. 3. From this agreement betw
Figs. 2 and 3, it is convincing that the result in Fig. 2 is d
to electron storage. However, there is a slight difference
tween these figures, that is, the opposite~negative! current in
downward voltage ramping cannot be reproduced in the
culated curve. Since the opposite current is inversely pro
tional to the duration time in the whole voltage range
shown in Fig. 2~a!, we believe that the opposite current
primarily a transient current which should have been infl

FIG. 2. Diode properties~a! for a sample with a 5 nm BOX layer for a
measurement duration time of 3 and 12 s and~b! for a 7 nm BOXlayer for
a duration time of 1 s, at 15 K. Arrows indicate the voltage ramping dir
tions.
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enced by parasitic capacitance and resistance, but fur
study is necessary.

As the scattering process, electron–electron, electr
phonon, and electron-impurity collisions may be possib
but impact ionization scattering13–16 should be the most rel
evant scattering process, as is usually considered in hot e
tron issues in metal–oxide–semiconductor field eff
transistors,14–16 because the injected electrons must e
ciently lose their kinetic energy as large as;3 eV during the
short transit time~subpicoseconds! in the Si well. The elec-
tron storage rate caused by the impact ionization scatte
can be proportional to the product of the injected elect
flux (cm22 s21), the ionization rate (s21), and the transit
time in the Si welltwell ~s!. Figure 4 shows the ionization rat
of an electron in Si after Ref. 13 and the calculated tunnel
current through a single barrier of the 5-nm-thick SiO2 film,
as a function of applied voltage to a RTD. The tunneli
current is calculated using the direct and F–N tunnel
equations, assuming the effective massm* 50.5m0 and the
band offsetfB52.9 eV.12 Both ionization rate and tunneling
current increase exponentially with increasing the appl
voltage,13–16 while twell is inversely proportional to squar
root of the voltage across the BOX layer. Thus, the elect
storage rate should exponentially increase with increas
voltage, and hence, the electron storage in the well beco
prominent only at high voltages.

We have investigated theI –V characteristics of RTDs
with a Si/SiO2 double barrier. It is found that the diode cha

-

FIG. 3. Calculated tunnel current of a SiO2 /Si/SiO2 diode with a BOX
thickness of 5 nm, taking account of the reduction in the BOX layer volta
drop due to the electron storage. In the calculation, it is assumed tha
effective massm* 50.5m0 , the band offsetfB52.9 eV ~see Ref. 12!, and
the electrode areaA5150mm2.

FIG. 4. Impact ionization rate of an electron in Si after Ref. 13 and
tunneling current through a 5-nm-thick SiO2 film, as a function of applied
voltage to the RTD. The tunneling current is calculated using the direct
F–N tunneling equations, assuming the effective massm* 50.5m0 , the
band offsetfB52.9 eV ~see Ref. 12! and the electrode areaA5150mm2.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



a
S

in

S

i
id

-

. J.

s.

1458 Appl. Phys. Lett., Vol. 83, No. 7, 18 August 2003 Ikeda et al.
acteristics are strongly dependent on the kinetic energy
injected electrons in the Si well. In high-energy electrons
in the F–N tunneling mode, the electron storage in the
well occurs due to the impact ionization scattering of
jected electrons.

The authors would like to express our thanks to Dr.
Horiguchi of NTT for his fruitful discussion and T. Mizuno
for his technical support to the experiments. This work
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for Scientific Research from JSPS.
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