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Abstract—The prerequisites for electron storage in the quantum well of a metal–oxide–p+-Si resonant-tunneling structure and the effect of the stored charge on the voltage distribution are theoretically investigated.
Systems with SiO2, HfO2, and TiO2 insulators are studied. It is demonstrated that the occurrence of a charge
in the well in the case of resonant transport can be expected in structures on substrates with an acceptor concentration from (5–6) × 1018 to (2–3) × 1019 cm–3 in the range of oxide thicknesses dependent on this concentration. In particular, the oxide layer thickness in the structures with SiO2/p+-Si(1019 cm–3) should exceed
~3 nm. The electron density in the well can reach ~1012 cm–2 and higher. However, the effect of this charge
on the electrostatics of the structure becomes noticeable only at relatively high voltages far above the activation of resonant transport through the first subband.
DOI: 10.1134/S1063782617040224

1. INTRODUCTION
Resonant tunneling (RT) in metal–insulator–
semiconductor (MIS) structures is a relatively new
aspect in their physics. Electron transport of this type
can be implemented when the bottom Ei of at least one
subband of the near-surface quantum well (QW) is
lower in energy than the edge Ev∞ of the valence band
(v band) of the bulk of a semiconductor (Fig. 1). At an
acceptor concentration of NA ~1019 cm–3 in Si and
nanometer-range oxide thicknesses, silicon and oxide
barriers are fairly transparent for the RT of electrons in
the v-band–QW–metal path.
This phenomenon was studied by us in [1, 2]. In
[2], we managed to demonstrate that under certain
conditions, RT is accompanied by the occurrence of a
mobile carrier charge in the QW. However, questions
about the exact values of this charge and about the
extent of its effect on the voltage distribution remain
unanswered. In this study, we theoretically investigate
the quantitative part of the effect of electron charge
storage in different modes in metal–oxide–p+-Si structures.
The investigated situation recalls the case of refilling the QW by means of interband tunneling at very
large band bending in Si, which can take place independent of RT [3] and even in the case of not very
heavy doping. This case is beyond our study; in our

opinion, it is more interesting to analyze the case
where the QW starts to be refilled already upon RT
activation through the first subband, i.e., at Ec0 + E1 ~
Ev∞ and at low biases.
2. FUNDAMENTALS OF THE MIS
STRUCTURE MODEL UNDER RESONANT
TUNNELING CONDITIONS
Since the tunnel MIS structure theory has been
developed fairly well and published [4, 5], here we
consider only the items important for RT.
The energy levels in the QW can be determined
from the quasiclassical relation

∫

E c (z) − E i dz =

( )

π n − 1 ,
4
2mi,z

(1)

where Ec(z) is the conduction-band (c band) profile
and the value 1/4 in parenthesis reflects the closeness
of the QW shape to triangular [6]. The first level E1
corresponds to “heavy” electrons (Ehe, 1, n = 1, and
mi = mhe) and the second level E2 corresponds to the
second “heavy” (Ehe, 2, n = 2, and mi = mhe) or the first
“light” (Ele, 1, n = 1, and mi = mle) subbands [6]
(Fig. 1).
The current filling the QW consists of the thermal
generation current jd and the band-to-band tunneling
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Fig. 1. Energy-band diagram of an Al/SiO2/p+-Si(100)
MIS structure. The mode corresponds to the situation
where level E1 is involved in RT and levels Ehe2 and Ele1 are
at the edge of involvement. After taking into account
charge storage in the QW by means of RT, the QW Fermi
energy EFc is only slightly lower than EFv (without storage,
the difference EFv – EFc would be noticeably larger).

current jbb (Fig. 1). The behavior of the current jbb is
determined by the subsequent involvement of levels Ei
of the well in transport. In the stationary case, QW filling is balanced by electron leakage jcm to the metal.
The current jd is small in itself (~10–10 A/cm2) and as
compared with the other components in the modes of
our interest.
The electron densities Ni at the levels Ei of the QW
are distributed in accordance with the Fermi function
fc(E, EFc). These densities and the Fermi energy EFc of
the QW are determined from the conditions of the balance of the resulting electron appearance and escape
currents

jcm =
=

q
π 2

∑
Ei

ζ i mi ⊥
( f c − f m )Tox dE
τ ar ,i

∫

ζ i mi ⊥
q
( fv − f c )T s dE + jd
2
π  E i <qϕ s < E gs τ ar ,i

∑

∫

(2)

= jbb + jd ,

ζ i mi ⊥ k Bt ⎡
E − Ei ⎤
(3)
ln ⎢1 + exp Fc
.
k Bt ⎥⎦
π 2
⎣
Here, Tox|s = Tox|s(E, E⊥) is the probability of the tunneling of an electron with the total energy E and the
transverse energy E⊥ = E – Ei through the oxide (ox)
or Si (s) barriers; fv|c|m(E, EFv|c|m) is the Fermi function
in the bulk of p+-Si (v), the QW (c), and the metal (m);
τar, i is the time of back and forth electron passage
through the QW; mi and ζi are the effective mass and
Ni =
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degeneracy for the level Ei; t is the temperature
(300 K); and qϕs is the Si band bending. The sum ΣNi
yields the total two-dimensional electron density Ns in
the well.
In addition, the current jcm is added to the current jvm
of nonresonant transport from the Si v band to the
metal with energies below the QW (Fig. 1): j = jcm + jvm.
We use the following parameters of the tunnel barriers: pemittivities of εs = 11.9 (Si) and εox = 3.9 (SiO2),
25 (HfO2), and 80 (TiO2) and c-band offsets at the
Si/oxide interface of χe = 3.15 (SiO2), 1.4 (HfO2), and
1.2 eV (TiO2) [7]. The effective electron masses in
Si(100) and degeneracy were mhe, z = 0.916m0, mhe⊥ =
0.19m0, ζhe = 2, and mle, z = 0.19m0, mle⊥ = 0.417m0,
ζle = 4. The electron effective mass is 0.42m0 in SiO2
[5], 0.15m0 in HfO2, and 0.5m0 in TiO2 [8–10]. The
probabilities Ts and Tox are determined by the Wentzel–Kramers–Brillouin method [5]; RT was correctly
taken into account using formula (2).

3. OCCURRENCE OF CHARGE
IN THE QUANTUM WELL UNDER
RESONANT TUNNELING:
OBSERVATION AND CONDITIONS
To warrant charge storage, the barrier ratio in the
MIS system should be such that the input (semiconductor) barrier is more transparent than the output
(oxide) barrier. Mathematically, it is expressed by the
inequality Ts > Tox; then, to equalize the input and output currents in the QW, it is necessary to raise the
quasi-Fermi level EFc of the QW and shift it toward
EFv. In the opposite case [1], the inequality Ts < Tox
was valid and the level EFc was located much lower
than EFv.
3.1. Experimental Facts
The occurrence of a charge in the QW can be
experimentally observed by comparing the onward
and return traces of the current–voltage I–V characteristic at the blocking polarity (+ at Al). The I–V
characteristic should have steps at voltages V1, V2, …,
each corresponding to the involvement of the next
subband with the bottom Ei in RT [1, 2]. The onward
portion always looks like that (Fig. 2). However, at sufficiently fast recording (even at ~1 V/min), the I–V
characteristics of the structures with relatively thick
(~3 nm and more) SiO2 with inclusion of the voltage
range above the activation threshold V1 of the level E1,
the return trace does not repeat the onward one
(Fig. 2). At the same time, for samples with a thin
oxide, the onward and return portions completely
coincide. This can be attributed to the presence in the
first case of an electron charge in the QW whose dissolution requires a finite time. The oxide layer in the
investigated samples was formed by thermal oxidation
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Fig. 2. Experimental I–V characteristics of the MIS structures Al/SiO2/p+-Si(100) with NA ~ 1019 cm–3 (blocking
polarity). At a rather large insulator thickness, hysteresis
caused by the occurrence of charge in the QW due to RT is
observed.

in dry oxygen. A similar I–V characteristic with hysteresis was obtained by us in [2] for samples with an
electrochemical oxide.
It is no surprise that storage is typical of thick
structures, since they are characterized by the relation Ts ≫ Tox between the barrier tunnel transparencies. Certainly, such an experiment only allows us to
claim the occurrence of charge in the QW without
answering the question on the degree of its effect on
the voltage distribution in the structure. This question
needs to be theoretically analyzed.
3.2. Parameters of the Structures with Charge Storage
Figure 3 shows the calculated minimum oxide
thicknesses dRT suppl at which the QW can be refilled
by means of RT: under the RT activation conditions
V = V1 (or for band bending in silicon ϕs = ϕs1), the
transparency relation will become Ts(E1, 0) > Tox(E1, 0).
In the calculation, we used the depletion model
acceptable in pre-activation modes. However, when
the thickness d exceeds some value dblock, this model is
not quite valid, since the storage of electrons in the
MIS structure can be caused by a thermal current jd
without RT. The dblock(NA) dependences (at the criterion that under the condition ϕs = ϕs1 without RT at
d = dblock the QW charge amounts to 1% of the total
charge in Si) are also presented in Fig. 3.
As a result, the occurrence of a charge in the QW by
means of RT should be expected in the region dRT suppl <
d < dblock. The break of the dRT suppl(NA) curves for SiO2
and HfO2 on the side of high NA values suggests that,
upon excessive doping, the probability Tox, which
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Fig. 3. (a) Calculated insulator layer thicknesses dRT suppl
for the metal/oxide/Si(100) structures at which the oxide
layer becomes less transparent for RT than the semiconductor layer, and the thicknesses dblock at which the thermal generation current exceeds possible leakage through
the oxide. The region of variation in the parameters corresponding to RT with charge storage is shown (hatched) by
the example of HfO2. (b) Bending of bands qϕs1 upon RT
activation and its value qϕs1 min necessary for the v-band–
well current flow.

depends, in this case, only on the field in the oxide,
will exceed Ts at any d and a break in the dblock(NA)
curves indicates that the thermal current will not lead
to storage at any d.
For the structure to be interesting in studying
charge in the QW under RT, in addition to the validity
of the condition Ts > Tox, the current jbb1 between the v
band and subband 1 should be noticeable, i.e., not
lower than 10–9–10–6 A/cm2. Figure 3b shows the
band bendings qϕs 1 in Si that correspond to RT activation and the bending qϕs min in the depletion model at
the current jbb1 = jbb1 min to subband 1. The obvious
excess of qϕs min over qϕs 1 is indicative of the weakness
of RT in a system; this excess occurs at the insufficient
acceptor concentration NA. However, as we see, this
limitation does not introduce any drastic changes: the
boundary NA min is close to the abscissas of the points
of intersection of the dRT suppl and dblock curves in
Fig. 3a. On the other hand, when the concentration
NA is too high, the field in the oxide will exceed the
breakdown field; this determines the right-hand
boundary of the range NA min...NA max. The limitation
via NA max is important for SiO2 (indicated as the RT
range) and is apparently less important for HfO2 or
TiO2: the breakdown field Fbr of high-k materials is
lower than in SiO2 (Fbr ~ 107 for SiO2, ~ 5 × 106 for
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Band diagram parameters:
Ns, 1013 cm−2; EFV − EFc, eV; qU, eV; ilevels
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Fig. 4. Calculated details of the energy band diagram of the
Al/SiO2/p+-Si(100) MIS structure with NA ~ 1019 cm–3 at
oxide thicknesses of (a) d = 2 and (b) 3 nm, against the
voltage. Solid lines are plotted taking into account the
effect of RT on the electron charge in the QW and dashed
lines are plotted under the assumption that the well is
refilled only by means of thermal generation in the bulk
of Si. (1) Ns, (2) EFv – EFc, (3) qU, and (4) ilevels.

HfO2 [11], and ~106 V/cm for TiO2 [12]), but by a factor smaller than the permittivity ratio.
In the analysis, we use ϕs1 instead of V1 because this
quantity (or the related depletion region width w1) is
more universal as long as the QW of the MIS structure
contains a small number of carriers. The voltage V1, in
turn, is mediated by the work function of the metal, as
well as by insulator thickness and permittivity. Recalculation is simple, taking into account the equality
V1 = VFB + U1 + ϕs1, where U1 = qNAw1d/ε0εox, ϕs1 =
qNAw12 /2ε0εs, and VFB is the voltage corresponding to
flat bands.
4. EFFECT OF CHARGE ON DETAILS
OF THE ENERGY BAND DIAGRAM
4.1. The Effect in a Wide Voltage Range
The appearance of electrons in the QW can change
many parameters as compared with the results
obtained using the depletion model, employed by us
previously [1] for a thin oxide barrier. These parameters are the charge concentration Ns (cm–2), quasiFermi-level position in the well (EFc) with respect to
the Fermi levels in the bulk of Si and metal (EFv and
EFm), and details of the energy-band diagram,
including the distribution of the applied voltage V =
q–1(EFv – EFm) between the oxide, U, and the subSEMICONDUCTORS
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strate, ϕs. These changes shift the activation voltages Vi
of levels Ei, starting with the second one.
Figure 4 shows the calculated dependences of Ns,
U, and EFv – EFc and the number of levels ilevels
involved in RT on the bias V for two silicon dioxide
thicknesses. The presented curves are obtained with
regard to QW refilling by means of RT and without it
taken into account. Disregarding storage means that
only a small number of carriers drifting over the Si
c band enters the QW; i.e., this process does not provide a noticeable electron density at the chosen d values, yet somewhat enhances EFc.
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We can see that the QW charge can attain quite
noticeable values (>1012 cm–2) and significantly affect
many components of the energy band diagram. The
relative effect of this charge increases with the voltage V applied to the structure. The sharp approach of
EFc to EFv, which is reflected in an abrupt drop in the
difference EFv – EFc, occurs directly during activation.

4.2. Effect in the Modes Close to RT Activation
The modes close to V = V1 are of special interest,
since, in this case, the RT phenomena should manifest
themselves to the highest extent. To estimate the scale
of the QW charge effect in these modes, we should
take into account that the highest concentration Ns of
the charge supported by RT from the v band at the
specified voltage V can be attained at EFc → EFv, i.e.,
in the limit of quasi-equilibrium in the substrate. If we
determine the electric field Fequil in the oxide at V = V1
in the equilibrium MIS structure and field Fdepl at the
same voltage in the depletion model, then the ratio
(Fequil – Fdepl)/Fdepl will yield the upper estimate of the
QW charge effect in the structure with this insulator
material of specified thickness d. This ratio will be the
largest at the highest εox values.
We can conclude from the data illustrated in Fig. 5
that, in the investigated voltage range, the effect of
charge storage in the QW on the energy band diagram
is insignificant. The role of storage increases with a
decrease in the dopant concentration NA, but the RT
process is then very weak. In real doping situations
(NA ~ 1019 cm–3), the relative contribution of the QW
charge is not larger than 10% or even units of percent.
Thus, the only noticeable consequence of the charge
qNA is sharp growth of the quasi-Fermi level EFc in the
QW (and, correspondingly, a drop in EFv – EFc, see
Fig. 4). Therefore, if in some problem only the range
near the activation moment V1 is important, then the
depletion model can be used to calculate the band profile and the well charge qNs and EFc can be found for
the available band diagram. This simplifies the calculations, since makes it possible to avoid additional iterations.
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sented the specific limits of doping and insulator film
(SiO2, HfO2, and TiO2) thickness ranges where we
should expect charge storage. The available experimental data confirm that the charge phenomena are
typical of structures with relatively thick oxide films.
The stored charge can affect the energy-band diagram
of the MIS structure. However, the distortions introduced by this charge manifest themselves in modes far
from the voltage V1 of activation of the first resonance
level. At bias voltages somewhat higher than V1 (this is
the most interesting region), the voltage distribution
can be calculated using the depletion model; after
that, the charge of the well and position of its quasiFermi level are determined.
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