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Abstract

This work utilizes simultaneous thermal oxidation and nitridation technique to transform sputtered Zr to ZrO2 and to Zr-oxynitride

thin films on Si and SiC substrates, respectively, in nitrous oxide gas ambient. Various characterization techniques such as X-ray

photoelectron spectroscopy, energy-filtered transmission electron spectroscopy, atomic force microscopy, X-ray diffraction,

capacitance–voltage measurements, and leakage current density-electric field measurements were carried out to evaluate and compare

the structural, chemical, and electrical properties of the films produced on both Si and SiC substrates.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In Si-based metal-oxide-semiconductor (MOS) devices,
when the thickness of SiO2 is less than 1.2 nm, the occur-
rence of relatively huge leakage current through the oxide,
due to direct tunneling of carriers, is highly possible [1,2].
To proportionally shrink the dimension of a MOS struc-
ture without affecting the electrical designs [1,2], it is
convenient to define an equivalent oxide thickness (EOT)
as the thickness of high dielectric constant (k) material that
would be required to have the same capacitance as SiO2

[1,2]. Hence, by developing high-k oxides on Si, this will
allow scaling to a thinner EOT. On the other hand, in SiC-
based MOS devices, since the k value of SiO2 (3.9) is lower
than SiC (10), it limits the permissible electric field in
SiC-based devices [3]. As a result, the gate oxide may
electrically break down prior to the SiC substrate thus
making the usage of SiC as the substrate for high-power
and high-temperature applications meaningless. In short,
the integration of high-k oxides on Si is to solve the down-
scaling issues, while integration of high-k oxides on SiC is
to lower the electric field being imposed on the gate oxide
itself.
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Of several high-k gate oxides, ZrO2 has attracted much
attention owing to its high k value (22–25), large energy
bandgap (5.8–7.8 eV), and it is easily stabilized in the form of
cubic or tetragonal polymorphs, which may further enhance
its effective k value [1,2]. In addition, it also possesses good
thermodynamic stability when in contact with Si and it has
minimal lattice mismatch with Si (1 0 0) [4].
The quality of ZrO2 thin film is very much dependent on

the deposition technique. According to literatures, stoichio-
metric ZrO2 thin films were successfully formed by a
combination of Zr sputtering with thermal oxidation in O2

ambient [5–9]. However, an undesirable interfacial layer (IL)
has formed along with the formation of ZrO2. Consequently,
capacitance of the MOS structure is reduced. According to
literatures [10–12], incorporation of nitrogen into the film
could retard the growth of IL and improved electrical
properties of the film.
To perform oxidation and nitridation simultaneously, NO

and N2O are the typical gases used [12]. Since N2O is less
toxic as compared to NO [13], hence, N2O is preferable to be
used. In this work, simultaneous thermal oxidation and
nitridation technique was used to transform sputtered Zr to
ZrO2 and to Zr-oxynitride on Si and SiC, respectively, in N2O
gas ambient. The optimized oxidation/nitridation temperature
and time were tabulated in Table 1. For Si-based samples, the
oxidation/nitridation temperature was optimized at 700 1C,
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whereas for SiC-based samples, the temperature was opti-
mized at 500 1C, for 15 min in both samples. In this paper,
structural, chemical, and electrical properties of oxidized/
nitrided Zr on Si and SiC are compared.

2. Experimental procedures

Si [n-type, (1 0 0)-oriented, 1–10 Ocm] and 4H-SiC [n-type,
(0 0 0 1)-oriented, Si-faced, 0.020 Ocm] were used as the
starting substrates. Both substrates were cleaned by a
standard RCA cleaning method and treated with a diluted
HF solution (1 HF: 50 H2O) for 15 s to remove native
oxide from the surface prior to Zr sputtering. Edwards
Auto 500 RF sputtering system was used to deposit an
ultrathin 5-nm Zr film on the cleaned Si and SiC substrates
by using a Zr target (Alfa Aesar, 99.5%). RF power,
working pressure, and inert Ar gas flow were regulated
at 170 W, 1.2� 10�7 Torr, and 20 cm3/min, respectively.
Si- and SiC-based samples were placed into a horizontal
tube furnace and heated up from room temperature to
500 1C and 700 1C, respectively, in an Ar flow ambient and
the heating rate was set constant at 10 1C/min. Once the set
temperature was achieved, N2O gas was then introduced
with a flow rate of 150 mL/min for 15 min. Samples were
then taken out at room temperature after the furnace was
cooled down to room temperature in an Ar ambient.

Properties of the films on Si and SiC were evaluated by
various characterizations, as described elsewhere [14–17].
Compositions and depth profile of the films were con-
ducted by Kratos Axis UltraDLD X-ray photoelectron
Table 1

Optimized parameters of simultaneous oxidation and nitridation of

sputtered Zr on different semiconductor substrates of Si and SiC in

100% N2O.

Base substrate Optimized

temperature (1C)

Optimized

duration (min)

Si 700 15

SiC 500 15

Table 2

Comparison of structural and chemical properties of oxidized/nitrided sputter

Charac-terization tools Properties Unit

XPS Chemical composition of bulk –

Chemical composition of IL –

Distribution profile of nitrogen –

Maximum atomic percent of nitrogen at%

Eg of bulk extracted from XPS eV

Eg of IL extracted from XPS eV

DEc extracted from XPS eV

EFTEM Thickness of bulk nm

Thickness of IL nm

Total thickness (BulkþIL) nm

AFM RMS value nm

XRD t-ZrO2 planes –
spectroscopy (XPS), cross-sectional images of the films
were analyzed by Zeiss Libra 200 energy filtered trans-
mission electron microscopy (EFTEM), crystallinity of
the films were characterized by P8 Advan–Bruker X-ray
diffraction (XRD) system, the surface topography and
root-mean-square (RMS) roughness of the samples were
analyzed by Nano Navi SPI3800N atomic force micro-
scope (AFM) using a noncontact mode, with 3� 3 mm2

scanned surface areas.
MOS capacitors were fabricated for electrical character-

ization. 100-nm thick Al was evaporated on top of the
films. An array of 9� 10�4 cm2 of Al electrode was then
photolithographically patterned using a shadow mask.
Lastly, a back contact was fabricated by depositing a
100-nm thick Al film on backside of the Si and SiC after
removal of native oxide. The electrical properties of the
MOS capacitors were then characterized by high-frequency
(1 MHz) capacitance–voltage (C–V) and current–voltage
(I–V) measurements using Agilent HP4284 LCR meter
and HP4155-6C semiconductor parameter analyzer (SPA),
respectively.

3. Results and discussion

3.1 Structural and chemical properties

Structural and chemical properties of oxidized/nitrided
Zr thin films on Si and SiC substrates in 100% N2O are
compared in Table 2. It shows that ZrO2 was formed
with IL of Zr-silicate oxynitride (ZrSiON) on Si-based
substrate, while Zr-oxynitride (ZrON) was formed with
an IL comprised of ZrSiON and carbon nitride (CN)
on SiC-based substrate. In both Si-based and SiC-based
samples, IL of ZrSiON was produced with different
combinations of mixed compounds. Distribution of
nitrogen in the SiC-based sample is more uniform, with
higher maximum atomic percent, as compared to Si-based
sample. However, the conduction band offsets (DEc) of
SiC-based sample is lower than Si-based sample, owing to
the combination of relatively narrower bandgaps of
ed Zr based on Si and SiC substrates.

Si-based SiC-based

ZrO2 (Zr–O) [14] Zr-oxynitride (Zr–O and Zr–O–N) [17]

Zr–O, Zr–N, Zr–Si–O,

and Si–N [14]

Zr–O, Zr–N, Zr–O–N, Si–N,

and C–N [17]

Relatively less uniform Relatively more uniform

2.20 [14] 2.71

6.40 [16] 5.00

8.80 [16] 8.50

3.40 [16] 2.00

6.00 [14] 16.90 [17]

4.00 [14] 1.86 [17]

10.00 [14] 18.76 [17]

0.50 2.45 [17]

(1 0 1) and (0 0 2) [14] (0 1 1) and (0 0 2) [17]



Fig. 1. Cross-sectional EFTEM images of (a) ZrO2 on Si substrate [14] and (b) Zr-oxynitride on SiC substrate [17].

Fig. 2. Two-dimensional AFM surface topography of (a) ZrO2 on Si substrate and (b) Zr-oxynitride on SiC substrate [17].
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Zr-oxynitride and IL. This could lead to a reduced break-
down field of the sample. Through EFTEM analysis
(Fig. 1 and Table 2), a thicker Zr-oxynitride, with a thinner
IL was produced on SiC-based substrate as compared to
Si-based substrate. This could help in enhancing the oxide
capacitance (Cox) and k value of the film on SiC-based
sample. There are two different two-dimensional (2D)
surface topographies of ZrO2 and Zr-oxynitride on Si
and SiC substrates, respectively, as shown in Fig. 2. The
produced Zr-oxynitride is in wavy topography on SiC
substrate, while ZrO2 is in non-wavy topography. With
that, it was found that the ZrO2 thin film on Si substrate
has smoother surface, with lower RMS value, as compared
to Zr-oxynitride thin film on SiC substrate. The crystalline
planes of t-ZrO2 on Si-based sample are (1 0 1) and (0 0 2),
whereas on SiC-based sample are (0 1 1) and (0 0 2).

3.2 Electrical properties

Table 3 compares the electrical properties of oxidized/
nitrided Zr thin films on Si and SiC in 100% N2O, in terms
of C–V and leakage current density–electric field (J–E)
characteristics. It shows that SiC-based sample has higher
Cox than Si-based sample. This is attributed to the higher
k value and/or reduced IL thickness. As possessed in the
table, the k value of the film in SiC-based sample is double
the k value of the film in Si-based sample, whilst the
IL thickness in the SiC-based sample is halve the IL
thickness in the Si-based sample. SiC-based sample showed
an enormous C–V curve shift to the positive voltage. This
has been affirmed by the presence of enormous amount
of negative effective oxide charge (Qeff) in the oxide.
As for Si-based sample, the C–V is shifted slightly to the
negative voltage, thus, a lower positive Qeff was recorded.
A relatively larger hysteresis, with higher STD of one order
of magnitude, was identified as compared in SiC-based
sample to Si-based sample. Interface-trap density (Dit) and
total interface-trap density (Dtotal) in SiC-based sample is
higher than in Si-based sample. According to J–E char-
acteristics, SiC-based sample has lower breakdown field
(EHDB) than Si-based sample. This could be due to higher
Qeff, STD, Dit, Dtotal, and lower DEc (Table 2) in the SiC-
based sample. The barrier height between the oxide and
the semiconductor (fB) obtained in SiC-based sample
is higher than in Si-based sample. The difference in DEc

and fB may be ascribed to the following reasons and
assumptions [18]. Firstly, by using Fowler–Nordheim (FN)
plot, the calculated fB takes into account of barrier height



Table 3

Comparison of electrical properties of oxidized/nitrided sputtered Zr based on Si and SiC substrates.

Measure-ments Properties Unit Si-based SiC-based

C–V Cox pF 1731 [15] 2147 [17]

Qeff cm�2 þ4.50� 1011 [15] �5.00� 1013 [17]

STD cm�2 4.62� 1011 [15] þ6.00� 1012 [17]

Dit at (Ec�E)¼0.15–0.25 eV eV�1 cm�2 Mid 1012–1013 [15] 1014 [17]

Dtotal cm�2 7.00� 1012 [15] 3.70� 1013 [17]

k – 21.82 [15] 49.68 [17]

EHDB MV/cm 13.60 [15] 5.05 [17]

J–E J A cm�2 10�6 [15] 10�6 [17]

fB eV 1.33 [15] 1.67 [17]
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lowering and quantization of electrons at the semiconduc-
tor surface and it is not strictly constant. Secondly, it could
be attributed to the electron and oxide effective masses.
4. Conclusion

100% N2O was used as the oxidation and nitridation source
to form ZrO2 thin film with an IL of ZrSiON on Si and to
form oxynitrided Zr (ZrON) thin film with an IL comprises
ZrSiON and CN on SiC. Formation of these compounds is
due to dissociation of the N2O gas into oxygen and nitrogen
source that are used for oxidation and nitridation processes; in
which the oxidation and nitridation rates may determine the
final products. Though the studies provided high enough
effective dielectric constant values (ZrO2/IL/Si: 10.58–21.82;
ZrON/IL/SiC: 42.32–50.20), however, the recorded densities of
effective oxide charge, slow-trap, and interface-trap were still
considerably high. It is hypothesized that dilution of N2O may
be a possible way to adequately produce a better quality oxide
according to the accumulated knowledge [13,19–23] from
thermally nitrided and oxidized Si on SiC to form nitrided
SiO2 gate. During this process, nitrogen source may enhance
removal of carbon that has been accumulated at the interface
during thermal oxidation and may improve passivation of
dangling bonds on surface of the semiconductor depending on
the equilibrium rate of oxidation and nitridation that has been
achieved by diluting the oxidation and nitrogen sources [13],
i.e., N2O gas.
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