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Abstract

Characteristics and role of hydrogen and nitrogen related trap centers effects on radiation induced positive
charges and Si-SiO2 interface states generation were discussed from experimental results of MOS capacitors
annealed in H2, N2 and ammonia. The charge distributions in insulators of MOS and MNOS were also discussed
by using the slanted etching method. Experimental results make clear that the nitrogen related trap center is
amphoteric. Most optimum thickness of the oxide and the nitride films of radiation hardened MNOS structure is
discussed too.

1.

Introduction
Total dose effects on MOS structures have been previously discussed for long time. When a MOS FET and IC
are irradiated to ionized radiation, positive charges are
induced into the oxide and generate the Si-SiO2 interface
states density increases. The characteristics of devices are
changed by this total dose ionizing effects such as the
threshold voltage shift, degradation of mutual conductance,
increased leakage currents and so on. (1) In this paper, we
will summarize our works concerned to total dose effects
that have been carrying out in our laboratory since 1985.
The basic mechanisms underlying the oxide charge
trapping and interface states generation are explained as
follows. Electron-hole pairs are generated in the oxide by
ionizing irradiation such as X and gamma rays.(2-3) Some
of the pairs recombine there; the rest of them are separated due to the field in the oxide. Electrons are transported to the metal and/or silicon rapidly and holes move
slowly through the oxide to the Si-SiO2 interface because
of the large mobility difference between the electron and
the hole. (4) Positive charge buildup is produced by trapped
holes in the oxide traps close to the Si-SiO2 interface states
and this is discussed in connection with the Eí center.(5)
The radiation interface states are believed to be generated
from broken bonds of SiH or SiOH at Si-SiO2 interface
by irradiation.(6) Holes transported from the oxide to the
interface interact with bonds and break them.(3,7) This interface trap coincides with the Pb center.(5) The relation

between hydrogen related trap center and radiation effects
on MOS structure is continuing controversial problems.(811)

There are many works concerned to radiation hardening gate oxide and gate insulators.(3,7,12-14)
We also have been studied about radiation-hardened oxide and insulator films on the silicon, and estimated the
charge distribution through the insulator films.(15)
In this paper we will explain three things as follows;
1) the annealing atmospheres dependency on the radiation effects of the oxide, 2) ammonia annealing effects on
the irradiated oxide and trapped charge distribution through
the oxide, 3) radiation effects on the MNOS structures
and to optimum thickness of insulator films for radiation
hardening.
2.

The annealing atmosphere dependency on the
radiation effects on the oxide
2.1 Experiments
MOS capacitors used in this experiments were fabricated on n-type <100> oriented, 3-6 1-cm Si substrates
and oxidized in dry oxygen or diluted oxygen with Ar or
nitrogen at a temperatures 1000°C or 1100°C, and all the
oxidized silicon films were annealed in nitrogen at 950°C.
Oxide thickness was grown to 37~100nm and Al gate of
1mm diameter were evaporated and then annealed at
400°C for 10 minutes, 30 minutes and 90minutes in either
nitrogen or hydrogen. (This process is called Post Metal-

ized Anneal, PMA.)
60

Co-gamma ray irradiation tests were carried out up
to the total dose of 500 krad(Si) at the dose rate of 1.0×105
rad/h and 1Mrad(Si) at the dose rate of 3~4.13×105 rad/h.
2.2 Experimental Results
Figure 1 shows the MOS C-V characteristics measured
at frequencies of 10 kHz, 100 kHz and 1 MHz before and
5 hours after irradiation. This figure shows the frequency
difference between before and after irradiation at 1
Mrad(Si), but it does not show at 500 krad(Si). The shift

between before and after irradiation respectively. Figure
4 shows the corelation between 6Not versus 6Dit for various process conditions. Figure 5 shows the ratio between
6Dit and 6Not for the cases PMA in N2 and in H2. In Fig.
4, the gradient of the slope of 6Dit against 6Not shows
0.75, however it changes with oxide thickness for PMA
in N2 and in H2 as shown in Fig. 5.(18)
2.3 Discussions
The oxide charge of MOS structure is often estimated
from the flat bandvoltage shift. However at the flatband
condition, Si-SiO2 interface states above midgap are considered to be an acceptor-like states and states below
midgap is donor-like states.(19-23) Therefore, the flatband
voltage shifts by the trapped positive charge in the oxide
and the negative charged interface states distributed from

Fig. 1: C-V characteristics of MOS structure before and
5 hours after irradiation.

Vfb and Vmg [V]

of C-V curves is more negative as the frequency is low
and is larger for PMA in nitrogen than in hydrogen.
Figure 2 shows midgap voltages (Vmg) and flatband
voltages (Vfb) estimated from C-V characteristics. Vmg and
Vfb were measured at 5 hours and 70 hours after 1Mrad
(Si) and compared with before irradiation, which do not
change with measurement frequency. Midgap voltages
(Vmg) were almost the same at 5 hours and 70 hours after
irradiation regardless of measurement frequency. Contrary,
flatband voltages depended on measured frequencies.
Though it does not shown in Fig. 2, Vmg and Vfb did not
depend on the frequency in the case of 500 krad(Si), the
shift of Vmg and Vfb are around 1V. Figures 3(a) and (b)
show the calculated Si-SiO2 interface states densities (Dit)
of MOS capacitors PMA in H2 and in N2. Practically, 6Dit
and 6Not decreased with annealing time for PMA in N2
and increased in H2 for longer annealing time.(16-17)
We defined the 6Dit and the 6Not as the difference of
the Si-SiO2 interface states and trapped charge densities

Co-60 Gamma dose
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-6
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70 hr

-4

N2
Vfb

H2
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-2
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0
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Vfb
10k

100k
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Frequency [Hz]

Fig. 2: Vmg and Vfb of MOS structure before and after
irradiation.
midgap to flatband energy levels. If the interface states
trap can exchange charges with silicon surface in response
to measurement signal, this frequency response makes
large the semiconductor capacitance virtually by adding
this fast surface states capacitance. C-V curves in Fig. 1
and Vfb change in Fig. 2 includes this frequency dependence of fast surface states. When the measurement frequency is high as 1MHz, the interface trap cannot response
to the frequency, captured charges are kept trapped in the
states and it contribute only Vfb shift. The interface trap
response to the frequency arround 10kHz to 100kHz has
relatively small time constant and coincide with border
trap.(24)
The positive charges trapped in the oxide are usually
estimated by midgap voltage shift 6Vmg and this seems
true from our experiments. We also showed the fact that

the increased interface states density after irradiation
(6Dit) is correlated strongly with positive charge buildup
due to irradiation as shown in Fig. 4 and it depends on the
annealing atmosphere as shown in Fig. 5. 6Not and 6Dit
of MOS capacitor PMA in H2 was larger than PMA in N2.
From these results, we conclude that the introduced hy(a) PMA
in H2

drogen during oxidation process break the weak bonding
Si-O, and bond with it to make Si-H or Si-OH in the oxide. Hydrogen also bonds with oxygen vacancy in the oxide
and making same defects. The hydrogen combines with
silicon dangling bond at the Si-SiO2 interface and making
Si-H. These hydrogen related defect bonds can be precursor of radiation introduce positive charge and generate the
interface states. When the MOS structure is radiated by
ionizing radiation, Si-H and Si-OH can be break easily by

(b) PMA
in N2

irradiation and capture holes (E’ center) and generate the
Si-SiO2 interface states (Pb center).
3.

6Dit [1×1011 cm-2]

Fig. 3: Si-SiO2 interface states densities (Dit) of MOS
capacitors PMA in H2 (a) and in N2 (b).
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Fig. 4: Relation between 6Dit and 6Not.

We also tried to estimate the charge distribution through
the oxide by using the slanted etching method that we proposed formally, and it can be estimated by measure the

1.0
6Dit / 6Not

PMA in H2
PMA in N2
0.5

a<ray: 1Mrad(Si)
0

50

Ammonia annealing effects on the irradiated
oxide and trapped charge distribution through the
oxide
3.1 Experiments
In this experiment, we used the n-type <100> oriented,
0.8-8 1-cm Si wafers and oxidized in dry oxygen at a
temperatures 1000°C and then annealed in N2 for 30minutes at same temperature. Ammonia annealing was carried out for 0.5, 1, 3 hours at 950°C and 1000°C, and then
anneal in N2 for 30minutes. Oxide thickness was grown
to 20~100nm and Al gate of 1mm diameter were evaporated and then PMA in N2 at 400°C for 30 minutes. 60Cogamma ray irradiation tests were carried out up to the total dose of 1Mrad(Si) at the dose rate of 5×105 rad/h.

100

Oxide thickness [nm]

Fig. 5: 6Dit/6Not for the cases PMA in N2 and in H2.

midgap voltages of the MOS structures with different
thickness of oxide on the same substrate which were prepared by the slanted etching method.(15)
3.2 Experimental results
Figure 6 shows the Vfb characteristics of MOS capacitors annealed in ammonia at 950°C and 1000°C, and shows
the Vfb depends on annealing time and annealing temperature. Figures 7 and 8 show the 6Vmg and 6Dit of ammonia
annealed MOS capacitors after irradiation.(25) Figure 9

Figure 10 shows the midgap voltages of the MOS capacitors prepared by slanted etching method. MOS capacitors used in this experiments were oxidized at 1045°C
in dry O2 with standard fabrication process in our laboratory, and the annealed in ammonia for 0,30 60 nd 180
minutes.
The second derivative of Vmg to the thickness manifests the density of trapped charge at the point x as following equation.

near Si-SiO2 surface and almost coincide with mounted
nitride density distribution. From these experiments, it is
cleared that the characteristic of nitride related trap center is amphoteric. Figure 12 shows mid-gap voltage distribution after irradiation and Fig. 13 shows the trapped
charge distribution.
1016

6Dit [m-2]

shows the composition of the oxide annealed in NH3 at
950 °C analyzed by X-ray Photoelectron Spectroscopy
(XPS). Nitrogen density mounted up near the Si-SiO2 interface and the surface of the oxide.

Oxide thickness=50nm

1015

1014

d 2Vmg ( x)
d
l ( x) =
(¡ 0 ¡ ox E ox ) = <¡ 0 ¡ ox
dx
dx 2

(1)

When charges are distributed in the form of Gaussian, the
profile of the charge estimated from Fig. 10 would be
shown in Fig. 11. This figure shows that the ammonia annealing causes charge trap centers at around 10 to 20nm
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3
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Fig. 8: 6Dit of ammonia annealed MOS capacitors after
irradiation.
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Fig. 6: Vfb characteristics of MOS capacitors annealed in
ammonia at 950°C and 1000°C.
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Fig. 9: Composition of the oxide annealed in NH3 at 950
°C analyzed by XPS.
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1

0
10
20
30
40
50
remaining oxide layer thickness [nm]

Fig. 10: Midgap voltages of the MOS capacitors prepared
by slanted etching method.

3.3 Conclusions
Ammonia anneal after oxidation is effect to reduce the
generation of Si-SiO2 interface states by irradiation. Ammonia annealing does not effective to decrease the charge
trap center affects to mid-gap voltage until oxide thickness is 500nm. This trap center distribution is almost same
with nitrogen distribution near Si-SiO2 interface, and the
trap is amphoteric.
4.

Radiation effects on the MNOS structures and to
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Fig. 11: Estimated charge profile in oxide layer annealed
in NH3 before irradiation.
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Fig. 12: Midgap voltages distribution of MOS structure
after irradiation.
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optimum thickness of insulator films for radiation
hardening.

4.1 Experiment
Figure 14 is the energy band diagram and charge generation and trapping model of MNOS structures by ionized irradiation. MNOS capacitors used in this experiments
were fabricated on n-type <100> substrate. Oxide was
grown at 1040°C in dry O2. Nitride layer was deposited
on the oxide by LPCVD at 700°C with flow ratio of NH3
to SiH2Cl2 is 3:1. Al electrode formed by vacuum deposition. MNOS capacitors were irradiated to 60Co-gamma ray
up to 1Mrad(Si) at dose rate with 5×105rad(Si)/h.
4.2 Experimental Results
Figure 15 shows the midgap voltage Vmg of MNOS
capacitors before and after irradiation. Vmg characteristic
after irradiation varied the gradient of the slope at the Si3N4
and SiO2 interface. (26) This shows that charges are trapped
at SiO2-Si3N4 interface due to irradiation. Figure 16 shows
the 6Vmg of MNOS capacitor with oxide thickness is 70
and 120nm for various nitride thickness. The gate voltages during irradiation were +6V and –6V. This figure
suggests the negative charges trapping in the insulators
when the gate bias is positive. In MOS capacitors, generally positive charges are trapped in the oxide by irradiation. However, nitride related trap center is able to capture the positive and negative charges. From this point of
view, we simulate the radiation induced charge trapping
using electron and hole trapping model at the Si-SiO2 interface and SiO2-Si3N4 interface and also calculate the
optimum thickness of nitride and oxide films to radiation
tolerant. Figure 17 shows the simulated 6Vmg of the MNOS
capacitor irradiated at 1Mrad(Si) for the combination of
oxide layer thickness and nitride layer thickness when the
gate voltage is 5V.
4.3 Conclusions
By using the slant etching method, the charge depth
profiles were estimated before and after irradiation.
Trapped charges were located mainly at the Si-SiO2 and
SiO 2-Si 3N4 interfaces, and density at SiO2- Si 3N4 was
changed by the oxide thickness.
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50
distance from Si-SiO2 interface [nm]

Fig. 13: Estimated charge profile in oxide layer annealed
in NH3 after irradiation.

5.

Conclusion Remarks
From this work, we infer that the hydrogen in the ox-

ide affects importantly to the radiation induced positive
charge and Si-SiO2 interface states generation due to break

hole and electron
traps (Nhn, Nen )

-

hole
traps
(Nho )

-

Gate

Nitride

Oxide

+
generated charge
(sweep direction
depends on field)

pensate the charges captured in the insulators. MNOS
structure is a candidate of the radiation-hardened insulator for IC by using the nitride related trap site. We also

+
Si

proposed the slanted etching method to determine the
trapped charge distribution and it can be applied to the

+

mid-gap voltage [V]

Fig. 14: Charge generation and trapping model of MNOS
structure by ionized irradiation.
0

complex insulator films such as MNOS structure.
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TOTAL DOSE EFFECT OF
METAL-NITRIDE-OXIDE-SEMICONDUCTOR STRUCTURE
Yoshihiro Takahashi and Kazunori Ohnishi
Nihon University, 7-24-1 Narashinodai, Funabashi-shi, Chiba, 274-8501 Japan
Abstract
The radiation-induced trapping charge in the insulation layer and generation of interface
state of Metal-Nitride-Oxide-Semiconductor (MNOS) structure have been investigated. The
irradiation tests were carried out using Co-60 gamma ray source up to 1 Mrad(Si) with the gate
voltage of +6 or −6 V. The charge trapping mechanism under irradiation is studied by the radiationinduced mid-gap voltage shift. The simple trap model was proposed to calculate the voltage shift,
and it was confirmed that the calculated results can be fitted well to the experimental results. The
strong correlation was observed between the mid-gap voltage shift and the generation of interface
state. From these results, the optimum oxide and nitride thicknesses for radiation hardened device
are evaluated.
1.

Introduction
When a MOS structure is irradiated by gamma rays, the positive charge build-up at Si-SiO2
interface and the interface state creation occur [1]. A Metal-Nitride-Oxide-Si (MNOS) structure
which has stacked insulation layers composed silicon nitride and silicon dioxide has been reported
to reduce these irradiation effects [2]-[5]. It has been also reported that the flat-band voltage shift
due to irradiation depends on both the applied gate voltage during irradiation and the insulation
layer thickness.
In this study, the radiation-induced trapping charge in the insulation layer and generation of
interface state of MNOS structure have been investigated. The charge trapping during irradiation is
discussed by analyzing the radiation-induced mid-gap voltage shift (ΔVmg). The charging in the
interface state is neutral at the mid-gap condition. That indicates the ΔVmg is not affected by the
interface state generation and is very useful to investigate the radiation-induced charge trapping in
the insulation layer. A simple charge trap model is proposed to assess the charge trapping mechanism,
and the ΔVmg is calculated using the model. By fitting the calculated results to the experimental
results, the charge generation rate and the charge trap densities in the insulators and these capture
cross sections are evaluated. The optimum oxide and nitride thicknesses for minimizing ΔVmg are
evaluated by the simulation, and the possibility of MNOS structure for radiation hardened device is
discussed.
2.

Experiments
The MNOS capacitors were fabricated on n-type Si <100> substrates. After conventional
cleaning processes, thermal oxidation was performed at 1040˚C in dry O2 ambient. Following the
oxidation, the samples were annealed in N2 ambient at 1040˚C for 60 min. Nitride layer was deposited
on the oxide by LPCVD at 700˚C with the gas flow ratio of NH3 to SiH2Cl2 is 3 : 1. Capacitors were

Experimental Results
Figure 1 shows the ΔVmg of MOS structures
as a function of the oxide thickness (dox). Vmg shifts
toward negative due to irradiation. The negative
shift indicates the radiation-induced holes are
trapped in the oxide layer. Figure 2 shows the ΔVmg
of MNOS structures in which dox = 70 and 120 nm
as a function of the nitride thickness (dni). The
negative shift is observed regardless of the insulator
thickness when Vg = −6 V, and the positive shift is
observed when Vg = +6 V. In the case when Vg is
positive, ΔVmg changes toward positive with dni, and
is saturated or decreased when dni becomes thick. It
is considered that these phenomena are caused by
the radiation induced trapped charges in nitride
layer.
Figure 3 shows the radiation-induced increase
of the density of interface state (ΔDit) in MOS and
MNOS structures as a function of the magnitude of
ΔVmg. In this study, Dit is determined as average
density from mid-gap to fermi energy and is
evaluated by the diference of flat-band voltage and
Vmg. It is found that ΔDit increases with ΔVmg, and
the strong correlation can be observed between ΔDit
and ΔVmg. However the definite relations with the
insulation layer thicknesses and with the gate
voltage are not observed.
4.
4.1

Discussions
Charge trapping model
We discuss the charge trapping due to
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Figure 1:

Radiation-induced V mg shift of MOS
structures. Points show the experimental
results. Lines show the calculated results.
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Radiation-induced V mg shift of MNOS
structures in which the oxide thicknesses
are 70 and 120 nm. Points show the
experimental results. Lines show the
calculated results.

ΔDit [x 1012 cm-2eV-1]

formed by vacuum deposition of aluminum
electrodes (1mm of diameter). The obtained
capacitors were irradiated to Co-60 gamma rays up
to 1 Mrad(Si) at room temperature. The dose rate
was 500 krad(Si)/h. The gate voltage (Vg) of +6 or
−6 V was applied during irradiation. High-frequency
(1 MHz) C-V characteristics were measured before
and after irradiation to evaluate the mid-gap voltage
(Vmg) and the density of interface state (Dit).
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hole and electron
hole
irradiation by constructing a simple charge trap
traps (Nhn, Nen )
traps
model as shown in fig. 4. In this model, we assumed
(Nho )
that the hole traps are located in the oxide near Sioxide (S-O) interface, and the hole and electron traps
Gate
are located in the nitride near oxide-nitride (O-N)
Nitride
Oxide
+
Si
interface. Nho and σho are defined as the local density
and the capture cross section of the hole traps in
+
oxide, and Nhn and σhn (Nen and σen) are those of
generated charge
(sweep direction
+
hole (or electron) traps in nitride. When the MNOS
depends on field)
structure is irradiated, the electron-hole pairs are
generated throughout the insulation layers, and a Figure 4: Charge generation and trapping model of
MNOS structure under irradiation.
fraction that escaped initial recombination yields
free electrons and holes. These free carriers are
swept by electric field, and some of them are captured by the charge traps.
When the oxide and the nitride layers are irradiated by gamma rays of unit dose (ΔD), the
electron-hole pairs (Δρox (ni)) are generated throughout the films as follows [6]:

Δρox (ni) = Kox (ni) fyox (ni) ΔD dox (ni)

(1)

where Kox (ni) [C/cm3/rad(SiO2)] is the generation constant in the oxide (nitride) layer, fy is the
fractional charge yield that depends on the electric field. Benedetto et al. have evaluated these
parameters as Kox = 1.30 × 10-6 [C/cm3/rad(SiO2)] and fy = (0.27 /(Eox + 0.084) + 1) -1 in case of Co60 gamma ray irradiation, where Eox [V/cm] is the oxide field [7]. When Vg is positive, the generated
holes in oxide drift toward the hole traps at S-O interface, and some of them are captured. The
amount of captured hole (Δnho) can be expressed as:

Δnho = Fho σho [ Nho - nho ] ,

(2)

where Fho is the hole fluence at the traps, nho is the trapped hole density before irradiation of ΔD, and
the capture cross section depends on the electric field as Eox−0.5 [8], [9]. When Vg is negative, the
generated electrons drift toward the silicon. In this model, we assumed the charges are generated in
silicon depletion layer by impact ionization due to injected electrons from oxide [10]. In that case,
Fho can be expressed as γ · Δρox where γ is the quantum yield. The amount of captured hole and
electron by the traps at O-N interface may be calculated by the same manner as the S-O interface.
The calculation of ΔVmg is carried out by repeating the evaluation of radiation-induced trapped
charge due to small amount of dose (ΔD = 2 krad(Si)) because the electric field in each insulator
should be changed during irradiation.
In order to calculate ΔVmg, the trapped charge density before irradiation have to be fed. We
have ever reported the depth profile of fixed charge in the insulation layers [11], [12]. The profile
was evaluated by slanted etching method, and it was found that the charges were located mainly at
each interface, and the densities were obtained as:
Qso = 1.6 × 10 -8 [C/cm2] ,

(3)

Qon = 6.2 × 10 -8 - 5.2 × 10 -3 dox [C/cm2] ,

(4)

where Qso and Qon are the charge densities at S-O and O-N interfaces, respectively. Using these
results, the charge density and the electric field before irradiation were defined.
Calculated results of ΔVmg
The ΔVmg of MOS structures are calculated by varying Nho, σho and γ. The lines in Fig. 1 show
the fitted results, and it is found that the calcurated results can be fit to the experimental results by
using following parameters: Nho = 5.0 × 10 18 cm-3, σho = 2.0 × 10 -14 cm2 (@ 1MV/cm), and γ = 0.25.
Next the ΔVmg of MNOS structures are discussed. The charge trap density in the nitride layer
and its profile have been investigated [13]-[15]. From these reports, we assumed that the electron
and hole trap centers are distributed rectangularly within 10 nm from O-N interface in nitride layer
as Nhn = 1.2 × 10 20 cm-3 and Nen = 2.0 × 10 19 cm-3. In that case, the unknown parameters for
calculation are σhn, σen and the charge generation coefficients in nitride (Kni and fyni). However Kni
and fyni are very difficult to evaluate independently. So we assume the electric field dependence of
fyni is same as fyox, and α is defined as:
4.2

α = (Kni fyni) / (Kox fyox) .

(5)

Photocurrent density [nA/cm2]

As the results of calculation, the calculated ΔVmg can be fitted successfully to the experimental data
by using following parameters: σhn = 1.5 × 10 -16 cm2 (@ 1MV/cm), σen = 1.5 × 10 -14 cm2 (@ 1MV/
cm), and α = 2 ~ 5 [%]. The lines in Fig. 2 show the fitted results.
From these fitting procedures, the small value of α was obtained. That indicates the amount
of radiation-induced generated carriers in the nitride layer is much smaller than that in the oxide
layer. In order to confirm the result physically, the photocurrents of MOS and MNS (Metal-NitrideSi) structures are measured. The measurements were carried out using SEM system with 35 keV
electron beam. The samples were set in a vacuum
150
condition (1.5 × 10 -6 Torr) to eliminate air ionization
35 keV electron-beam
effects. Figure 5 shows the photocurrent densitiy
Insulator thickness: 100 nm
as a function of the applied electric field during
100
measurement. The insulator thickness of each
MOS structure
sample is 100 nm. The current of MNS structure is
50
about 10 ~ 20 % of the current of MOS structure
under same electric field. From these results, it was
MNS structure
confirmed that the charge generation rate due to
0
0
1
2
3
4
irradiation in nitride is less than that in oxide. It is
Electric field in insulator [MV/cm]
considered that the small generation rate in nitride
is caused by the high initial recombination rate. Figure 5: 35 keV electron-beam photocurrent
However the detail discussions, for example the
densities of MOS and MNS structures as a
function of electric field.
radiation source or the thickness dependence, are
the subject for a future study.
From above mentioned investigations, the charge trapping mechanism in MNOS structure
under irradiation was clarified. When Vg is positive, the amount of radiation-induced trapped electrons
at O-N interface is larger than that of holes at S-O interface because Nen >> Nho, and is also larger

than that of holes at O-N interface because α is small. The effect of trapped electrons at O-N
interface on ΔVmg becomes large with nitride thickness, so the ΔVmg changes from negative to positive
with the thickness. And when the amount of electron increases, the oxide electric field is reduced.
This reduction causes the decrease of the charge generation rate in oxide because the generated
electron-hole pairs recombine easily under the weak field, and the amount of trapped electrons is
saturated. When dni is thick, the oxide field can be suppressed by the small amount of trapped
electrons because the initial field is weak, and the positive ΔVmg is reduced. Therefore, ΔVmg is
saturated when nitride becomes thick. On the other hand when Vg is negative, the amount of trapped
holes at O-N interface is larger than that of electrons. Hence the ΔVmg is negative, and the shift
increases with the increment of each insulator thickness.
From these results, it is confirmed that the proposed model is very useful to estimate the
radiation-induced trapped charge in insulators of MNOS structure.
The optimum insulator thickness for radiation hardened structure
It is considered that the ΔVmg = 0 can be obtained using MNOS structure with specific oxide
and nitride thicknesses when Vg is positive, as shown in Fig. 2. These thicknesses are considered to
be the optimum thicknesses in terms of radiation-induced trapped charge. On the other hand, it was
confirmed that the small ΔDit is observed when ΔVmg is small, as shown in Fig. 3. That indicates the
insulation layer thicknesses of MNOS structure to
minimize ΔVmg is also optimum thicknesses for
100
minimizing the radiation-induced interface state
generation. In order to obtain these thicknesses,
1 Mrad(Si)
80
Vg = + 2.5 V
ΔVmg of MNOS structures with varying dox and dni
1 Mrad(Si)
are calculated. Figure 6 shows the obtained
Vg = + 5 V
60
optimum thicknesses with different radiation
conditions when Vg > 0. In this figure, the equivalent
ΔVmg = 0
40
oxide thickness is the same on each dashed line. It
0.5 Mrad(Si)
is found that the optimum thicknesses do not depend
Vg = + 5 V
20
much on the total dose and on the gate voltage
during irradiation when the equivalent oxide
0
thickness is less than about 100 nm. It was also
20
40
60
80
100
0
Oxide
layer
thickness
(dox
)
[nm]
confirmed that ΔVmg of MNOS structure is almost
same as that of MOS structure which has same
Figure 6: The optimum insulator thicknesses of
equivalent oxide thickness when Vg < 0. From these
MNOS structures with different radiation
results, it is expected that the radiation hardened
conditions when Vg > 0. The equivalent
device can be achieved using MNOS structure in
oxide thickness is the same on each dashed
line.
terms of total dose effects.
Nitride layer thickness (dni ) [nm]

4.3

5.

Conclusions
The charge trapping in the insulation layers in MNOS structure under irradiaiton has been
investigated by analyzing ΔVmg. The direction and the magnitude of ΔVmg depended on the insulation

layer thickness and the applied gate voltage during irradiation. ΔVmg was calculated by a proposed
simple charge trap model. The calculated results could be fitted to the experimental results by
varying the densities and the capture cross sections of the charge trap centers, and these parameters
were obtained. It is considered that these parameters may be changed by the fabrication processes.
We considered the studies on the process dependencies of these parameters are helpful to verify the
generality of our model. From these results, the charge trapping mechanism under irradiation was
clarified.
The strong correlation was observed between ΔVmg and ΔDit. That indicates the insulator
thicknesses to minimize ΔVmg are the optimum thicknesses for radiation hardened device in terms
of not only radiation-induced trapped charge but also interface state generation. The thicknesses
were evaluated by the model calculations when Vg is positive. It was found that the optimum
thicknesses do not depend much on the total dose and on Vg when the equivalent oxide thickness is
less than about 100 nm.
From these results, it was found that the charge trap model is very useful to understand the
charge trapping mechanism in the insulators of MNOS structure under irradiation, and the MNOS
structure can be applied to the radiation hardened device.
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An anodic oxidized ﬁlm has been deposited in pure water at room temperature. Film thickness increases linearly as a function
of total charge during oxidation. High ﬁlm deposition rate and low surface roughness are obtained by alternately changing the
polarity of the applied voltage. The ﬁlm growth mechanism is discussed and the model of anodic oxidation in pure water is
proposed. The HF etching rate and the oxide thickness are reduced by an increase in annealing temperature. Though the
electrical characteristics of the anodic oxide ﬁlm are inferior to those of the ﬁlm obtained by thermal oxidation, they can be
improved by thermal annealing at a temperature of 400 C. [DOI: 10.1143/JJAP.41.1235]
KEYWORDS: silicon dioxide, anodic oxidation, low-temperature process, thermal annealing

1.

Introduction

With the progressive shrinking of LSI device size, device
and circuit is complexity increasing. The fabrication process
is also becoming increasingly diﬃcult. Moreover, there is a
great demand to reduce energy consumption on the grounds
of preventing global warming and environmental pollution.
An oxidation process in VLSI fabrication requires a high
temperature of around 1000 C and thermal stress damages
the silicon wafer inconspicuously. From this viewpoint, lowtemperature processes have been researched. Many lowtemperature processes have been proposed to fabricate
insulation ﬁlms on silicon such as plasma deposition,
chemical vapor deposition (CVD), photo-CVD,1) jet vapor
deposition (JVD),2) anodic oxidation and so on.
We considered the possibility of applying the electrical
eﬀect to the fabrication process of semiconductor devices at
low temperatures. The ﬁrst thing we noted was the
occurrence of electrically enhanced oxidation and anodic
oxidation on the Si substrate. The eﬀect of the electric ﬁeld
on oxidation has been studied previously.3) Anodic oxidation
has been experimentally studied previously as an oxide
formation process. Usually, anodic oxidation was carried out
with electrolytes such as N methylacetamide (NMA)–KNO3
or tetrahydrofurfutyl alcohol (THF)–KNO3 .4–6) An anodic
oxidized silicon ﬁlm in pure water was also reported by
Dubrovskii et al.7)
Early works on anodic oxidation reported that the etching
rate was greater than that of thermal oxides and was changed
by impurity solutions and the growth rate was a function of
applied voltage in constant current mode.5,6) There is a
controversy regarding the oxidation mechanism. Dubrovskii
et al. proposed the silicon diﬀusion model in which silicon
ions diﬀused to the oxide–electrode boundary and formed
the oxide,7) whereas Kraitchman and Oroshnik argued that
the oxygen migrates close to the oxide–silicon interface and
oxide growth occurs at the interface.5)
Although the electrical property is improved by hightemperature annealing in He, the oxide ﬁlms were
substantially porous and the electrical property was poor.
For these reasons, the use of anodic oxidation was
abandoned in integrated circuit fabrication processes.
We intend to study the application of the electrical eﬀect

in the fabrication of integrated circuits at low temperatures.
This will contribute to suppressing the energy consumption
in VLSI fabrication systems. Here, we report on the
experimental method and the characteristics of anodic
oxidized silicon dioxide ﬁlms grown in pure water at room
temperature as a possible oxidation process at a low
temperature. We discuss the electric characteristics and
growth mechanism. We clarify that the surface roughness of
the oxide is improved by alternately changing the polarity of
the applied voltage and that the oxide thickness is not
increased by the applied voltage, but increases with the total
charge ﬂowing between electrodes during oxidation. The
electrical characteristic is improved by annealing over
400 C after oxidation.
2.

Experimental

Samples used in our experiments were fabricated as
shown in Fig. 1. Wafers used in this experiments were ntype and p-type silicon wafers of h100i plane and their
corresponding resistivities were 3–5 cm and 0.8–
1.2 cm. The wafers were cleaned by ths standard RCA
cleaning method. Anodic oxidation was carried out in pure
water with resistivity of 16 Mcm at 20 C. After oxidation,
wafers were annealed in nitrogen atmosphere at various
appropriate temperatures. A reference sample was prepared
by thermal oxidation at 1045 C in dry oxygen and annealed
at the same temperature in nitrogen. Film thickness was
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RCA cleaning of silicon substrate ( 1.1 cm x 1.1 cm)
Anodic oxidation
Thickness measurement
by ellipsometer

Thermal oxidation
(1045 C, O 2: 500 cc/min)

Thermal annealing (30 min, N2: 500 cc/min)
Thickness measurement by ellipsometer
Removal of oxide on Si backside by HF
Fabrication of Al gate MOS diode
(Diameter of gate electrode: 0.3mm )

{
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Fig. 1. Sample preparation process ﬂow.
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3 cm

Output of
Controller

I

Pure water
(16 M cm)
Si

Output of
Voltage
Source

Ammeter

0 [V]

(Keithley 2000 Multi-meter)

Pt or Si

400 ms

PC

Teflon water bath

(Data store)

+

Voltage controller

DC voltage source

Fig. 3. Time chart of alternately changed polarity of voltage (AC).

(Alternative voltage generator)

Fig. 2. Anodic oxidation experimental system.

measured by the ellipsometry method. The ﬁlm composition
was analyzed by X-ray photoelectron spectroscopy. Electrical properties were measured using MOS structures with
aluminum electrodes. Anodic oxidation was carried out in
pure water with the application of a constant voltage across
the silicon wafer anode and the other electrode of platinum
or silicon, as shown in Fig. 2. The distance between the
electrodes was 3 cm, and anodic oxidation was carried out
with a constant DC voltage or by alternately changing the

polarity of the voltage (AC). We used the period of 60 s and
the duty ratio of 0.5 for the AC voltage source. Figure 3 is a
time chart of applied voltage when the polarity changes
alternately. The current ﬂow during anodic oxidation was
monitored and integrated to calculate the total charge during
oxidation. Silicon substrates were cut to a 1.1 cm square size,
and the anodic oxidation window was 1 cm square.
3.
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Experimental Results

We measured distributions of the thickness of both
samples fabricated with DC and AC voltages. Figure 4
shows proﬁles of oxide ﬁlms in this experiment. Figures 4(a)
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Fig. 4. Proﬁle of oxide thickness. (a) on n-Si with 300 V DC (b) on p-Si with 300 V DC (c) on n-Si with 300 V AC (d) on p-Si with
300 V AC.
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Fig. 5. Film thickness vs total charges during anodic oxidation on p-type
(100) 3–5 cm Si at 20 C.

and 4(b) show thickness distributions of the oxide ﬁlm on
the n-type and p-type silicon substrates when the voltage
was 300 V DC. Figures 4(c) and 4(d) show distributions of
the oxide thickness when the applied voltage changed
polarity as shown in Fig. 3. The oxide on the n-type
substrate was thinner than that on the p-type substrate and
randomly distributed, but it was improved upon oxidation
with an applied AC voltage as shown in Fig. 4(c). Figure 5
shows the oxide thickness on the p-type silicon substrate
against the total charge ﬂowing in the system during
oxidation for diﬀerent applied voltages. This ﬁgure shows
that the oxide ﬁlm thickness linearly increased with total
charges during oxidation and the oxide obtained with AC
voltage is thicker than that obtained with DC voltage. The
oxide thickness as a function of total charges ﬂowing during
oxidation with AC voltage is twice that with DC voltage.
The composition of the anodic oxidized ﬁlm in our
experiment was analyzed by X-ray photoelectron spectroscopy; it was stoichiometric SiO2 , the same as the thermal
oxide formed at 1045 C.
We estimated the etching rate of thermal oxide and anodic
oxide ﬁlms in order to compare the quality. The thermal
oxide ﬁlm of 30 nm thickness was grown on a p-type silicon
substrate at a temperature of 1045 C and then it was
reoxidized by anodic oxidation with 300 V AC for 5–25 min.
These samples were etched by a solution of HFð48%Þ :
H2 O ¼ 1 : 50 at room temperature. Figure 6 shows the
etched oxide thickness against etching time for various
anodic oxidation times. The region of high-etching rate at an
early stage is predominantly of anodic oxide and the region
of low-etching rate a later stage is predominantly thermal
oxide being slightly aﬀected by anodic oxidation. This result
reveals that the density of anodic oxide is lower than that of
thermal oxide as reported previously. The etching rate of the
 and 8–9 A/s
 for the reoxidized
thermal oxide ﬁlm is 1 A/s,
ﬁlm by anodic oxidation. It is conﬁrmed that the etching rate
of the oxide ﬁlm fabricated by anodic oxidation (300 V AC)

on the silicon substrate is 25 A/s,
and the rate of the ﬁlm
grown with DC voltage is higher than that with AC voltage.
The refractive index of the anodic oxide ﬁlm was around
 however it ranged from 1.3
1.45 for ﬁlms thicker than 200 A,
 The dielectric constants
to 1.4 for ﬁlms thinner than 100 A.

10

20

30

40

50

60

Etching Time [s]
Fig. 6. Etched oxide thickness vs etching time for diﬀerent anodic
oxidation times.
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during Oxidation
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Fig. 7. C–V curves of MOS structures with anodic oxide fabricated at
diﬀerent voltages.

were determined using the thickness measured by ellipsometry and the capacitance measured under accumulation
condition. The estimated dielectric constant was between 4
and 7 and it was higher than that of the thermal oxide.
The electrical characteristics are analyzed from highfrequency C–V and I–V characteristics. Figure 7 shows the
C–V curves for diﬀerent anodic voltages and Fig. 8 shows
the density of Si/SiO2 interface states evaluated by the
Terman method. Densities of ﬁxed positive charge in the
oxide are evaluated by ﬂat-band voltages, and
4:5{4:7  1012 cm2 and 3:2  1012 cm2 are obtained when
the applied voltages during oxidation are 200–400 V and
500 V (AC), respectively.
Anodic oxidized ﬁlms were annealed in nitrogen atmosphere at various temperatures. The etching rate and also
thickness decrease as the temperature increases as shown in
Figs. 9 and 10.
Electrical characteristics are improved by high-temperature annealing. Figure 11 shows the C–V curve of a MOS
structure annealed in nitrogen atmosphere at 400 C for
30 min. The anodic oxidized ﬁlm is fabricated with 300 V
AC and the total charge during oxidation is 0.1 C. The
density of ﬁxed positive charge is 4:3  1011 cm2 . Figure
12 shows the density of Si–SiO2 interface states of the same
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Fig. 11. C–V characteristic of a MOS structure after annealing at 400 C
for 30 min. Anodic oxide is fabricated at 300 V AC, total charge is 0.1 C.
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Fig. 9. Etching rate of anodic oxide after annealing in N2 atmosphere for
30 min at diﬀerent temperature. Anodic oxidized with DC voltage and
total charge is 1 C.
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Fig. 10. Thickness change at diﬀerent annealing temperature in nitrogen
atmosphere for 30 min. Anodic oxidation condition is the same as in
Fig. 9.

structure.
4.

Discussions

In this paper, we explain our experimental results of
anodic oxidation on the silicon substrate in pure water at
room temperature. The growth rate of the oxide ﬁlm on the
n-type substrate is smaller than that of the oxide ﬁlm on the
p-type substrate and SiO2 grows only under the condition
that the voltage of the silicon wafer is positive. The
thickness of the oxide ﬁlm increases as the total charge
during oxidation progresses; this result diﬀers from that of
Dubrovskii’s experiment. Oxidation by alternately changing
the voltage polarity makes the surface roughness decrease.
The oxidation rate on the p-type substrate is larger than that
on the n-type substrate and moreover, the surface ﬂatness of
the anodic oxide ﬁlm on the n-type substrate is poorer than
that on the p-type substrate. When the electrode polarity
changes alternately, the oxide growth rate is twice that of the
case of single polarity and the surface roughness of the oxide
ﬁlm on the n-type substrate is improved.
From these experimental results, we will consider the
anodic oxidation mechanism as follows. A water molecule
has a small dipole moment. Electrons of hydrogen atoms
take positions close to the oxygen atom side. A hydrogen
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Fig. 13. Proposed model of anodic oxidation in pure water.

Water H
atom is slightly positively charged, þ, and the oxygen of a
water molecule is slightly negatively charged, 2 as shown
in Fig. 13. When the silicon wafer is biased positive against
a cathode, positive charges exist at the water–Si interface.
Oxygen of a water molecule is directed toward the positively
charged Si–water interface as shown in Fig. 13.8) The water
molecule drifts and/or diﬀuses into the silicon bulk, and
hydrogen is dissociated from H2 O. This hydrogen is highly
activated and reacts with Si=Si bonds and/or dangling bonds
forming SiH and also breaks the covalent bond of Si=Si.
The oxygen-hydrogen pair atom combines with Si and forms
SiOH.
When a negative bias is applied to the silicon substrate,
the hydrogen of a water molecule is directed toward the Siwater interface and the water molecule is dissociated to
hydrogen and hydroxyl by reacting with electrons from the
negative electrode.5) Hydrogen drifts and/or diﬀuses into the
silicon bulk and reacts with Si=Si forming Si–H. OH drifts
out to the water. Another possible mechanism is that OH and
H in the water are dissociated from a water molecule and H
drifts and/or diﬀuses into the silicon bulk and forms Si–H
and/or is positioned at an interstitial site. The hydrogen
diﬀuses deeply into the inner space of the silicon bulk due to
a large diﬀusion constant.
When the polarity of the supplied voltage to the silicon
substrate is changed from negative to positive, electrons
move from the Si–metal interface to the water–Silicon
interface and the distributed ions at the interface are
neutralized by the electrons. Moreover, activated hydrogen
remaining in the oxide approaches the water–Si interface.
The hydrogen distributed in the silicon bulk breaks the
Si=Si bond and forms Si–H, and OH from the water–Si
interface forms the Si–O and SiO2 as shown in Fig. 14. Thus
the oxidation rate against total charges during oxidation in
case of AC voltage is roughly twice that with DC voltage as
shown in Fig. 5. In the case of the p-substrate, holes
accumulate sharply at the interface as shown in Fig. 15.
Meanwhile, in the case of the n-substrate, donor ions form a
depletion layer, holes (minority carrier) are present at the
interface as shown in Fig. 16 and a depletion layer restricts
the growth rate.
The growth rate diﬀerence between SiO2 on the n-type
substrate and on the p-type substrate is considered as
follows. In case of the p-type silicon substrate, positive
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Fig. 14. Anodic oxidation model when the applied voltage changes from
negative to positive.

charges near the water–Si interface are holes and are sharply
distributed at the silicon surface. Therefore, OH and H react
easily with silicon covalent bonds and dangling bonds, and
form SiOH and SiH, respectively. In the case of an n-type
silicon substrate, positive charges near the water–Si interface
are ionized donors and holes that are minority carriers in an
n-type substrate. There is a small number of holes compared
with the case of the p-type substrate. Thus, the number of H
and OH reacting with holes is smaller than for the p-type
substrate.
5.

Conclusions
We experimented with anodic oxidation in pure water at
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We also examined the possibility of improving the
electrical characteristic of SiO2 ﬁlms by high-temperature
annealing. The etching rate of the oxide ﬁlm became small,
and it was eﬀective in decreasing the density of Si/SiO2
interface states and positive charge density in the oxide.
Our intention in performing this study is to apply the
anodic oxide for the following purposes.
1. Low-temperature VLSI processes.
2. Bonded and Etched SOI.
3. Oxide ﬁlm for micro-machining.
It is diﬃcult to apply the anodic ﬁlm to the LSI insulating
ﬁlm process directly. However, it will be possible to
improve the quality by controlling the resistivity of pure
water, substrate temperature and voltage stability. If the
anodic oxide can be applied to an oxidized substrate to
fabricate a BE–SOI wafer, an inexpensive SOI substrate can
be obtained. We consider that the most realistic application
at this stage is the use of the anodic oxide for micromachining.
We attempted to apply the anodic oxidation to aid the
suppression of global warming and environmental pollution,
and made a tiny step toward the application of the electrical
eﬀect to the device fabrication process. We hope this study
will contribute to positive changes in the use of energy.
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