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Abstract—The results of investigations of silicon–ultrathin oxide (42 Å)–polysilicon structures resistant to
field damages are presented. It is found that the total charge exchange of localized electronic states and
minority charge carriers concentrated at the substrate–insulator interface, which occurs with a change in the
field voltage, is close to the same characteristic of structures with an oxide thickness of 37 Å. The current
flowing through SiO2 increases with voltage much stronger in the enrichment state of the semiconductor than
in its depletion state. Moreover, the asymmetry of the I–V characteristics with respect to the polarity of the
voltage drop across the insulator in SiO2 samples with a thickness of 42 Å is more pronounced than in struc-
tures with an oxide of 37 Å. An explanation for this asymmetry is possible, if the potential relief in the insulator
has a peak, which is significantly shifted to the oxide–polysilicon interface, and the potential on the branch
on the semiconductor side significantly decreases towards the contact with the substrate.
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1. INTRODUCTION

Ultrathin (<5 nm) oxide films are the primary type
of insulating layers in modern and future nanoscale
devices. Due to their small thickness, the electric fields
arising in such layers under control actions on the
active elements of modern semiconductor devices
reach several units of 106 V/cm. At these field values,
significant leakage currents arise in SiO2, and the phe-
nomena responsible for changing the properties of the
insulating gap, both reversible, so-called “oxide dam-
age”, and irreversible soft breakdown, take place.
We emphasize that, despite the pre-breakdown values
of the indicated electric fields, the probability of sam-
ple transition to the irreversible state of soft breakdown
still arises with an increase in action duration [1, 2].
In our group, we have already investigated the changes
in the properties of ultrathin oxides after damage of
Si-MOS (metal—oxide–semiconductor) structures in
electric fields for more than ten years [3–5]. We have
found [6] that there is a group of samples with an oxide
thickness h = 37 Å in which there is practically no
reaction to the damaging field action; i.e., neither the
conductivity through the oxide, nor the distribution of
the built-in charge are practically changed with
increasing duration of exposure at field voltages of dif-
ferent polarity up to transition to the state of soft

breakdown in objects. The natural problem is how
common is the property of “undamageability” in
ultrathin oxides under stresses in electric fields.
To resolve this, we turn to objects with a different
oxide thickness of h = 42 Å prepared according to the
same technological scheme as in [6]. We use as sam-
ples Si-MOS structures with an Al-n+-Si:P field
electrode (the concentration  ≈ 1020 cm–3 of
donors in polysilicon; the field-electrode area S =
1.6 × 10–3 cm2) insulated from the (100) n-Si substrate
by a SiO2 layer with an optical thickness of ~4.2 nm
obtained by high-temperature oxidation.

2. EXPERIMENTAL AND RESULTS
The structures were subjected to field stresses at

room temperature and the same field voltage Vg as in
investigations of the damage of ultrathin SiO2 [3, 5].1

The field voltage was Vg = –3.8 V (substrate depletion)
at the shortest exposure time of 16 min, and Vg = 3.2 V
(substrate enrichment) at the shortest exposure time of
20 min. Before and after the stress, we measured the
I–V characteristic and the high-frequency C–V char-

1 The decrease in the field value in the oxide in comparison with
experiments [6] was no more than 13%, which is not significant
for the purposes of investigations.
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Fig. 1. High-frequency C–V dependences of the samples
measured at room temperature. Capacitances: C1 at 1 MHz
and C2 at 0.5 MHz.
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acteristic of the objects at frequencies of 1 (C1) and
0.5 (C2) MHz using an Agilent E4980A precision LCR
meter on an automated installation [4]. The results of
the investigations carried out are presented in this
study.

It turned out that the samples selected by us as well
as structures with a thinner oxide [6] are stable to field
actions. Measured immediately after stress, the I–V
and C–V characteristics were almost indistinguishable
from the corresponding characteristics measured
before ageing the objects in an electric field: the dis-
crepancies were no more than 2%, in contrast to struc-
tures [5], where a decrease in the capacitances was
several times after removal of the damaging voltage. In
[6], we found significant asymmetry of the I–V char-
acteristic: at voltages close in modulus, the currents in
the region of strong depletion of the semiconductor
were orders of magnitude lower than in enriched sili-
con. To understand whether or not this property is
inherent for objects with an oxide thickness of 42 Å,
we measured the I–V and C–V characteristics by anal-
ogy with [6] in a special mode, when the high-fre-
quency capacitance and current values correspond to
the same state of the sample. We repeat the essence of
the experiment schemes. For each measurement
point, set Vg was applied to the sample from the posi-
tion with the field voltage Vg = 0; after termination of
the RC processes (<0.3 s), the current I was detected
first through the oxide, then, through the capacitors
C1 and C2 for 3 s. After that, the applied voltage was
dropped to zero, and the structure was aged for 6 s.
The total duration of measurements of the currents
and capacitances at the same voltage value applied to
the field electrode (6 s) is significantly less than the
characteristic time of the transient process associated
with the charge exchange of localized electronic states
at the Si–SiO2 interface (>100 s). This procedure
enables us to minimize the duration of sample expo-
sure to stress conditions in the measurements. The
data of C–V characteristics corresponding to two high
frequencies make it possible to determine the donor
concentration Nd near the Si–SiO2 interface, the
resistance Rb of the semiconductor substrate, and the
field-voltage dependence for the following quantities:
the band bending Vs in the semiconductor, the external
voltage drop Vi on the insulating layer, and the total
density of the built-in charge expressed in cm–2, and
the charge psq of boundary states and holes at the inter-
face [4, 5, 7].

In Fig. 1, we show the dependences of the sample
capacitances on the voltage measured at room tem-
perature in the state before the field stress. Calcula-
tions based on of the data of the C–V characteristics
according to the method described in [5, 7] led to the
following values: Nd = 1.65 × 1015 cm–3 and Rb = 73 Ω.
These values are almost the same as those obtained in
[6]: Nd = 1.65 × 1015 cm–3 and Rb = 88 Ω. The psq(Vg)
plot is shown in Fig. 2; the f lat-band state corresponds
to the voltage Vg = –0.19 V. It can be seen that curves
demonstrating the charge exchange of the Si–SiO2
interface in objects with an oxide thickness of 4.2 nm
(this study) and 3.7 nm [6] are close to each other: as
Vg varied from –0.5 to –6 V, the increase in psq was
Δpsq = 1.0 × 1013 cm–2 at h = 42 Å and Δpsq = 1.4 ×
1013 cm–2 at h = 37 Å. The Δpsq values are an order of
magnitude higher than those in the damaged struc-
tures [5, 8]. As in [6], it turned out that Vi ∝ Vg/2
means that the measurements were carried out in a
nonstationary and nonequilibrium, with respect to
minority charge carriers (the hole generation is
delayed), state of the sample in the semiconductor
depletion region.

In Fig. 3, we show the dependences of the current
through the oxide on the voltage drop across the insu-
lating layer at positive (the injection of electrons from
the semiconductor) and negative (the injection of
electrons from the field electrode) polarities of Vg. For
clarity, the I–V characteristics are shown in linear and
logarithmic scales. Here V = Vg for Vg > 0 and V = –Vi
for Vg < 0; the graphs of the current branches in the
logarithmic scale were plot according to the rule:
ϕ+(V) = log[I(Vg)/In] is for Vg> 0, ϕ–(V) = log[I(Vi)/In]
for Vg < 0, where In = 10–12 A is the normalizing cur-
rent value. It should be noted that the charge-
exchange currents qS(dps/dt) (q is the elementary
charge, and t is the time) is 1.5–2 orders of magnitude
lower than I. It follows from the measurements of the
SEMICONDUCTORS  Vol. 55  No. 1  2021
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Fig. 2. Dependence of the total density of the built-in
charge and the charge of boundary states and holes at the
Si–SiO2 interface on the field voltage.
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Fig. 3. I–V characteristics of the insulating gap of Si-MOS
structures measured at room temperature. ϕ(V) is the
function of the logarithm of current versus the voltage
applied to the oxide. The inset shows the dependence of
the current on the field voltage in real scale.
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transient-current characteristics and the capacitances
at several voltages Vg. From Fig. 3, it can be seen that
the asymmetry of the I–V characteristic with respect
to the polarity of the voltage dropped at the insulator
for the samples with a SiO2 thickness of 42 Å is more
pronounced than that of the structures with an oxide
of 37 Å. For the objects from this study, the current
SEMICONDUCTORS  Vol. 55  No. 1  2021
increases by 5 orders of magnitude in the semiconduc-
tor enrichment state within the voltage range of (0–
3.5) V and by only one order of magnitude in the
depletion state. For the samples from [6], this ratio
was 5/3.

3. CONCLUSIONS

Thus, it can be stated that, at least for certain ultra-
thin SiO2 layers obtained in the case of the high-tem-
perature oxidation of silicon, the property of resis-
tance to field damaging actions is typical. Revealing
the nature of this is possible only when setting a series
of special joint technological and physical investiga-
tions and is not the purpose of this study. We discuss
the features of the insulating layers, which are the basis
of another property of such objects, namely, the asym-
metry of the I–V characteristic with respect to the
polarity of the external voltage. For ultrathin oxide
films, an important circumstance is the non-rectan-
gular shape of the potential barrier formed by the insu-
lating gap. Since the transition layers between crystal-
line Si and SiO2, as well as between the oxide and the
field electrode from poly-Si, occupy at least 40% of
the volume of the ultrathin dielectric [9], they actually
largely determine the properties of the insulator. The
transitions from the substrate to the oxide and from
the oxide to the polysilicon are formed in different
technological processes and have a different crystal-
line structure. Therefore, it is natural to expect also
different (asymmetric) coordinate dependences of the
potential insulating profile on these contacts. To
explain the asymmetrical form of the I–V characteris-
tics, it should be assumed that the potential relief in
the insulator has a peak, which is significantly shifted
to the oxide–polysilicon interface; the potential on
the branch on the side of the semiconductor drops sig-
nificantly towards the contact with the substrate. With
this form, the barrier is “eaten away” by the electric
field in SiO2 much faster in the case of the injection of
electrons from the semiconductor than from the field
electrode. Exact solution of the problem on the shape
of the potential in an ultrathin insulating gap should be
given by forming a real relief, which separates the sub-
strate and the field electrode, on the basis of the tech-
nique developed in [10].
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