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SiO2/Si structure can be formed at low temperatures by use of nitric acid (HNO3) oxidation
of Si (NAOS) method. When Si wafers are immersed in ∼ 40 wt% HNO3 solutions at
108◦C, ∼ 1 nm SiO2 layers are formed. The subsequent immersion in 68 wt% HNO3 (i.e.,
azeotropic mixture of HNO3 with water) at 121◦C increases the SiO2 thickness. The 3.5
nm-thick SiO2 layers produced by this two-step NAOS method possess a considerably low
leakage current density (e.g., 1× 10

2 A/cmi2 at the forward gate bias, VG, of 1.5 V), in spite
of the low temperature oxidation, and further decreased (e.g., 8×10

4 A/cm2 at VG = 1.5 V)
by post-metallization annealing at 250◦C in hydrogen atmosphere. In order to increase the
SiO2 thickness, a bias voltage is applied during the NAOS method. When 10 V is applied
to Si with respect to a Pt counter electrode both immersed in 1 M HNO3 solutions at 25◦C,
SiO2 layers with 8 nm thickness can be formed for 1 h.

PACS: 85.40.Hp, 73.40.Qv, 81.60.Cp

1 Introduction

Gate oxide (SiO2) layers in thin film transistors (TFT) are currently formed by the chemical
vapor deposition (CVD) method using tetraethoxylorthosilicate (TEOS). Because of a high leak-
age current characteristic of the TEOS SiO2 layers, a large thickness of ∼100 nm is necessary,
which increases a threshold voltage and thus increases power consumption. The TEOS SiO2

layers should be deposited at temperatures above ∼500 ◦C in order to avoid inclusion of carbon
species which seriously degrades the SiO2characteristics, e.g., an increase in the leakage current
density [1, 2]. The high temperature deposition makes it impossible to use organic substrates
such as polyethyleneterephthalete (PET). Low temperature deposition methods for the formation
of SiO2 layers have been proposed, e.g., plasma-enhanced CVD [3] , radical shower CVD [4] ,
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TEOS/ozone CVD [5], etc. However, SiO2 layers formed by the deposition methods have high
leakage current densities and poor interfacial characteristics.

We have recently developed a low temperature oxidation method by use of nitric acid (HNO3),
i.e., nitric acid oxidation of silicon (NAOS) method [6–10]. In cases where Si wafers were im-
mersed in an azeotropic mixture of HNO3and water (i.e., 68 wt % HNO3), ultrathin (i.e., 1.4 nm)
SiO2 layers were formed and their leakage current density (e.g., ∼1 A/cm2 at the forward gate
bias, VG, of 1 V) was as low as those for thermal oxide layers grown above 800 ◦C [11–13].
After post-metalization annealing (PMA) treatment in hydrogen at 200 ◦C, the leakage current
density was further decreased (e.g., 0.4 A/cm2 at VG=1 V) [6, 9].

In the present study, we have developed the following two methods for the low temperature
formation of thicker SiO2 layers; 1) two-step NAOS method, and 2) bias-assisted NAOS method.

2 Experiments

Metal-oxide-semiconductor (MOS) diodes were fabricated from phosphorus-dopedn-type Si(100)
wafers with a ∼10 Ω cm resistivity. The Si wafers were cleaned using the RCA method [14],
followed by etching with dilute hydrofluoric acid. For the formation of relatively thick SiO2

layers using the NAOS method at zero bias, Si wafers were immersed in 40 wt % HNO3 aqueous
solutions at the boiling temperatures of 108 ◦C. Then, the specimens were immersed in 68 wt %
HNO3 solutions, i.e., the azeotropic mixture of HNO3 with water, at the boiling temperature of
121◦C.

For the bias-assisted NAOS method, ohmic contact was achieved by the deposition of an
aluminum film on the upper part of the front Si surface. Then, the lower part of the Si wafer,
and counter and reference platinum electrodes were immersed in 1 M HNO3 solutions at 25 ◦C
and a bias voltage ranging between 5 and 20 V was applied to the Si electrode with respect to
the reference electrode. In some cases, post-oxidation anneal (POA) was performed at 600 ◦C
in nitrogen for1 h. Aluminum (Al) dots of 0.3 mm diameter were formed by means of the ther-
mal evaporation method, resulting in <Al/SiO2/Si(100)> MOS structure. For some specimens,
post-metallization anneal (PMA) was carried out at 200 or 250 ◦C in 5 % hydrogen-containing
nitrogen atmosphere for 1 h.

The thickness of the SiO2 layers was estimated from x-ray photoelectron spectroscopy (XPS)
and ellipsometry measurements using a VG SCIENTIFIC Escalab 220i-XL spectrometer with a
monochromatic Al Kα radiation source and a Sopra GES-5 ellipsometer, respectively. Vibra-
tional spectra of the SiO2 layers were recorded with the incident angle of 65◦using a Nicolet
Nexus 370S Fourier transformed infrared (FT-IR) transmission spectrometer. Current-voltage (I-
V) characteristics were measured with an HP 4140B picoammeter. Capacitance-voltage (C-V)
curves were recorded at 100 kHz using an HP 4192 A impedance analyzer.

3 Results and Discussion

Figure 1 shows XPS spectra in the Si 2p region for the SiO2/Si(100) specimens formed by the
NAOS method at zero bias. Doublet peaks were due to Si 2p3/2 and Si1/2 levels of the Si
substrate, and a broad peak in the higher energy side was due to the SiO2 layer. After the
immersion of Si in the 40 wt % HNO3 solutions for 10 min, a peak due to an SiO2 layer
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Fig. 1. XPS spectra in the Si 2p region for the SiO2/Si structure formed by the immersion in the following
HNO3 aqueous solutions at the boiling temperatures: a) 40 wt % HNO3 for 10 min; b) 40 wt % HNO3 for
10 min and 68 wt % HNO3 for 2 h; c) 68 wt % HNO3 for 2 h.

was observed only with a weak intensity (spectrum a). Prolonged immersion in the 40 wt%
HNO3solution did not increase the intensity of the SiO2 peak. When this specimen with the
ultrathin SiO2 layer was immersed in the 68 wt% HNO3 solution at 121 ◦C, on the other hand,
the intensity of the peak due to SiO2 markedly increased (spectrum b).

The thickness of the SiO2 layers can be estimated from the ratio between the SiO2 and sub-
strate Si 2p peak area intensities [15,16]. In the estimation, 3.2 nm was adopted as the mean free
path of photoelectrons in SiO2. Using this mean free path value, XPS analysis gives the same
thickness values for the SiO2 layers thicker than 4 nm (not shown in the figure) as those given by
ellipsometry measurements. The thickness of the SiO2 layers formed with 40 wt % HNO3 was
estimated to be 1.1 nm (spectrum a), and it increased to 3.5 nm after the immersion in 68 wt %
HNO3 for 2 h (spectrum b). In cases where the Si(100) wafers were immersed in the 68 wt %
HNO3 solution at 121 ◦C from the first, the Si oxidation stopped at the SiO2 thickness of 1.4 nm
(spectrum c).

Figure 2 shows FT-IR spectra in the Si-O-Si asymmetric vibrational region for the NAOS
SiO2/Si(100) specimens. Peaks at 1050 and∼1230 cm−1 are attributable to TO and LO phonons,
respectively, for SiO2 [17–20]. The vibrational frequency of TO phonons,υT0 , and that of LO
phonons, υL0, are given by [17]

υTO =
1

2π

√

2[α sin2 (θ/2) + β cos2 (θ/2)]/m, (1)

υLO =
1

2π

√

2[α sin2 (θ/2) + β cos2 (θ/2)]/m + Z2ρ/ε∞ (2m + M)]/m, (2)
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Fig. 2. FT-IR spectra in the Si-O-Si asymmetric stretching vibrational region for the SiO2/Si structure
formed by the immersion in the following HNO3 aqueous solutions at the boiling temperatures: a) 40 wt %

HNO3 for 10 min; b) 40 wt % HNO3 for 10 min and 68 wt % HNO3 for 2 h; c) 68 wt % HNO3 for 2 h.

where α and β are the central and noncentral force constants, respectively, θ is the Si-O-Si
bridging bond angle, m and M are the masses of oxygen and Si atoms, respectively, ε∞ is the
permittivity at the infinite frequency, Z is the electrical charge related to the movement of oxygen
atoms, and ρ is the atomic density of SiO2. Using Eqs. (1) and (2), the SiO2 atomic density, ρ,
is simply given by

Cρ = ν2

LO − ν2

TO , (3)

where C is a constant. Using the values for thick thermal SiO2 layers, i.e., νTO of 1090 cm−1,
νLO of 1256 cm−1, and ρ of 2.28×1022 /cm3 [20], and assuming that the shift in νTO caused by
the geometrical effect [20] is 5 cm−1 between the thin NAOS SiO2 layers employed in the present
study and thick SiO2 layers, the atomic density of the SiO2layers formed by the immersion of Si
in 40 wt % HNO3 is estimated to be 2.19 × 1022/cm2 (spectrum a), which is ∼4 % lower than
that of thick thermal SiO2 layers. We think that nano-size pores are present in the SiO2layers,
and the decomposition of HNO3 proceeds at the pore surfaces. It is also likely that diffusion of
oxidizing species, i.e., oxygen atoms formed by the decomposition of HNO3 [9], is enhanced by
the presence of nano-size pores. The subsequent immersion in the 68 wt % HNO3 increases the
atomic density to 2.22 × 1022/cm2. The SiO2 layers formed in 68 wt % HNO3 from the first,
on the other hand, have a high atomic density of 2.34 × 1022/cm2, which is ∼3 % higher than
that of thick thermal SiO2 layers. It is likely that the high atomic density SiO2 layers retard the
diffusion of oxidizing species, resulting in the saturation of the SiO2 thickness at 1.4 nm.

Figure 3 shows I-V curves for the <Al/3.5 nm SiO2/Si(100)> MOS diodes with the SiO2

layer formed by the two-step NAOS method. In the case of deposited 3.5 nm layers formed by
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Fig. 3. I-V curves for the <Al/3.5 nm SiO2/Si(100)> MOS diodes with the SiO2 layer formed with the
two-step NAOS method; a) with no PMA; b) with PMA at 200 ◦C in hydrogen; c) with PMA at 250 ◦C in
hydrogen.

a CVD method using TEOS, I-V curves could not be measured because of high leakage current
densities, indicating a direct contact between Al and Si caused by nonuniform SiO2 thickness.
In the case of the NAOS SiO2 layers, the I-V curves could be measured even with no treat-
ment (curve a), showing the formation of uniform SiO2 layers. The leakage current density was
decreased by PMA at 200 ◦C (curve b), and further reduced by PMA at 250 ◦C (curve c).

Figure 4 shows C-V curves for the same MOS diodes employed in Fig. 3. For the as-formed
NAOS SiO2 layers, a hysteresis with the magnitude of ∼0.3 V and a shoulder peak were present
in the C-V curve (curve a), attributable to slow states and interface states, respectively [21].
With PMA at 200 ◦C, the shoulder peak disappeared but the hysteresis was still present with
the reduced magnitude of ∼0.15 V (curve b). When the PMA temperature was increased to
250 ◦C, the hysteresis was eliminated almost completely (curve c). Considering these results,
we conclude that the decrease in the leakage current density by PMA was mainly due to the
elimination of interface states and slow states.

For the formation of thicker SiO2 layers, we have investigated the bias-assisted NAOS method
as described below: Figure 5 shows the thickness of the SiO2 layers formed by the bias-assisted
NAOS method vs. the oxidation time in 1 M HNO3 at 25 ◦C. When 5 V was applied to Si during
the immersion (plot a), the SiO2 thickness increased up to 30 min and then remained constant
at ∼6 nm. It is likely that when the SiO2 thickness reached ∼6 nm, oxidizing species could not
reach the SiO2/Si interface. In the case of the bias voltage at 10 V (plot b), on the other hand,
the SiO2 thickness increased to at least 13 nm. In the case of the bias voltage at 20 V (plot c),
the SiO2 thickness increased almost linearly with the oxidation time at least up to 22 nm. The
linear plot probably resulted from the enhancement of the migration of oxidizing species by the
electrical field induced in SiO2 by biasing, leading to in the interfacial reaction-limited mech-
anism [22]. The enhancement of the inward movement by the positive bias indicates that the
oxidizing species is anions. The occurrence of the room-temperature oxidation shows that the
oxidizing species possesses great oxidizing ability. Therefore, dissociated oxygen ions (O−) are
the most probable oxidizing species. O− has a positive electron affinity of 1.47 eV [23], while
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Fig. 4. C-V curves for the <Al/3.5 nm SiO2/Si(100)> MOS diodes with the SiO2 layer formed with the
two-step NAOS method; a) with no PMA; b) with PMA at 200 ◦C in hydrogen; c) with PMA at 250 ◦C in
hydrogen.

that of O2− is negative (−7.27 eV) [23], and thus the formation of O2− is unlikely. The oxidation
mechanism due to O− ions is similar to that of platinum-enhanced oxidation of Si where O− ions
are formed by the catalytic activity of platinum [24, 25]. In the case of anodic oxidation of Si
where a high bias voltage ranging 30 ∼200 V is applied to Si [26–28], oxidation proceeds at sur-
faces, not at interfaces [29]. Therefore, the initial Si surface becomes the SiO2/Si interface after
anodic oxidation, resulting in the poor interface characteristics. In the case of the bias-assisted
NAOS method, on the other hand, the reaction proceeds at the SiO2/Si interface, and thus the
interface is always clean, leading to relatively good interface characteristics.

Figure 6 shows the I-V curves for <Al/8 nm SiO2/Si (100)> MOS diodes with the SiO2

layer formed by the immersion in the 1 M HNO3 aqueous solutions for 1 h with the bias voltage
of 10 V. Even with no heat treatment (curve a), the leakage current density was not high (e.g., 1×
10−7 at VG = 5 V). The density of the leakage current markedly decreased (e.g., 4×10−10 A/cm2

at VG = 5 V) by POA at 600 ◦C (curve c).
Figure 7 shows the C-V curves for <Al/SiO2/Si (100)> MOS diodes with the SiO2 layers

formed in the 1 M HNO3 aqueous solution with the bias voltage of 10 V. With no treatment
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Fig. 5. Thickness of the SiO2 layers formed in 1 M HNO3 solutions at 25 ◦C with the following bias
voltages applied to Si with respect to the reference Pt electrode as a function of the immersion time: a) 5 V;
b) 10 V; c) 20 V.

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

-10 -5 0 5 10

C
u

rr
e
n

t
D

e
n
s
it
y

(A
/c

m
2
)

Bias Voltage  (V)

(a)

(b)

Fig. 6. I-V curves for <Al/SiO2/Si (100)> MOS diodes with the SiO2 layer formed in the 1 M HNO3

solution with the bias voltage of 10 V: a) without POA; b) with POA at 600 ◦C in nitrogen.

(curve a), a hysteresis with the large magnitude of 1.6 V was observed. The direction of the
hysteresis shows that it is due to slow states but not due mobile ions [21]. With POA at 600 ◦C in
nitrogen (curve b), the magnitude of the hysteresis was greatly decreased to ∼0.2 V. Therefore,
the decrease in the leakage current density by POA is most probably due to the elimination of
slow states.

The relative dielectric constant, εox , of the SiO2layers can be estimated from the SiO2 thick-
ness, dox, estimated from XPS or ellipsometry measurements and the SiO2capacitance, Cox,
using the following equation

εox =
Coxdox

ε
V

, (4)
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Fig. 7. C-V curves for <Al/SiO2/Si(100)> MOS diodes with the SiO2 layer formed in the 1 M HNO3

solution with the bias voltage of 10 V: a) without POA; b) with POA at 600 ◦C in nitrogen.

where εV is the vacuum permittivity. Ellipsometry measurements show that the SiO2 thickness
is nearly unchanged by POA in nitrogen while the SiO2 capacitance increases with the POA
temperature. Using Eq. (4), εox of the SiO2 layers without and with POA at 600 ◦C in nitro-
gen is estimated to be 5.7 and 4.0, respectively. In our previous study, we observed that water
molecules desorb from SiO2 at ∼200 ◦C while a part of silanol groups desorb around 600 ◦C
and the complete removal requires higher temperature (∼800 ◦C) [8]. Water molecules and
silanol groups are the highly polarized species and thus εox is increased by the inclusion of these
species. Therefore, the decrease in εox by POA is attributable to desorption of water and silanol
group. After POA at 600 ◦C, becomes nearly the same as that of bulk SiO2 of 3.9, indicating the
desorption of all highly polarized species.

The C-V measurements show that slow states are eliminated by POA. The slow states may
be due to water molecules included in the NAOS SiO2 layers. Majority carriers can flow through
SiO2 by hopping the slow states (i.e., trap-assisted tunneling [30]). The decrease in the leakage
current density by POA (Fig. 6b) is likely to result from the elimination of the slow states. The
slow states are likely to be present away from the SiO2/Si interface and thus they are more easily
removed than fast states which are located close to or at the interface.

4 Conclusion

We have developed a method of the formation of relatively thick SiO2 layers by use of nitric
acid, i.e., two-step NAOS method and bias-assisted NAOS method. For the two-step NAOS
method, a ∼1 nm thick SiO2 layer is initially formed by the immersion in the 40 wt % HNO3

aqueous solution and then the specimens is immersed in the 68 wt % HNO3 solution. The 3.5 nm
thick NAOS SiO2 layer thus formed has a relatively low leakage current density (e.g., 1 × 10−2

A/cm2 at VG = 1.5 V). With PMA at 250 ◦C in hydrogen, the leakage current density markedly
decreases (e.g., 8×10−4A/cm2 at VG = 1.5 V), and the reduction is attributable to the elimination
of interface states and slow states. Relatively thick (i.e., ∼10 nm) SiO2 layers can be formed by
the bias-assisted NAOS method. Even without heat treatment, the leakage current density is
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relatively low (e.g., 4 × 10−8 A/cm2 at VG = 5 V) and it is further decreased by POA at 600 ◦C
in nitrogen, resulting in the low leakage current density of 4 × 10−10 A/cm2 at VG = 5 V. The
decrease by POA is attributed to the elimination of slow states in SiO2.
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