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Formation of ZrO, by simultaneous thermal oxidation and nitridation in nitrous oxide of sputtered Zr on
Si substrate is reported here for the first time. Sputtered Zr on Si substrate and followed by oxidation and
nitridation in nitrous oxide ambient at 700 °C for various durations (5-20 min) have been systematically
investigated. The structural and chemical properties of the samples were examined. Chemical depth
profiles of the samples have been evaluated by X-ray photoelectron spectroscopy. Stoichiometric Zr-0
(Zr0O,) and its interfacial layer consisted of mixed sub-stoichiometric Zr-0, Zr-N, Zr-Si-0, Si-N, and/or

I;;{l‘:‘fe)ﬁii: 7 Si—-0-N phases were identified. A possible model related to the oxidation and nitridation mechanisms has
Nitrous oxide been proposed and explained. Supportive results related to the model were obtained by energy filtered
Oxidation transmission electron microscopy, X-ray diffraction, Raman spectroscopy and Fourier Transform infrared
Nitridation analysis.
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1. Introduction

Drastic downscaling of Si-based metal-oxide-semiconductor
(MOS) devices in ultra-large-scale integrated circuitry has pushed
SiO, gate dielectric thickness to the order of nanometers [1-3].
According to the International Technology Roadmap for Semicon-
ductors [4] and several reports [3,5,6], as the oxide is thinned
down to 1.2 nm, current directly tunneling through the oxide may
increase tremendously. In order to overcome the aforementioned
problem, high dielectric constant (k) gate has been proposed as
an alternative gate dielectric. Numerous high « materials (Ta;Os5
[7], Y205 [8-10], La;03 [11], Nd;03 [12], Sc; 03 [13], HfO, [14-16],
and ZrO, [3,6,14,15,17]) have been extensively investigated and
reported. Of these high « materials, ZrO, may be considered as
a potential candidate for the near future generation technology
nodes. In particular, ZrO, is having a higher « value when com-
pared with HfO, for both amorphous and crystalline thin films
[14,15]. Moreover, ZrO, can be easily stabilized in the form of cubic
or tetragonal polymorphs [3,17,18]. This may further enhance its
effective x value. Nonetheless, quality and properties of the film
depend on the deposition technique as well as the initial thin film
constitution [19,20]. Besides, interface properties of the film play
a critical role in determining the electrical properties of the device
[17,19].

According to a review [3], sputtering of metallic Zr in an inert
gas ambient, followed by a thermal oxidation process are able to
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produce and control stoichiometry of the oxide. Some literatures
have also reported that ZrO, thin films were successfully formed
by a combination of Zr metal sputtering and oxidation process in
oxygen ambient [6,21-24]. However, literatures have shown that
an undesirable interfacial layer (IL) was inevitably formed during
the oxidation process in oxygen ambient [25,26]. This is mainly due
to oxygen diffusion to the Si surface or oxygen transport via vacan-
cies in the film. With the undesirable IL, it reduces the capacitance
of the MOS capacitor.

So far, researchers have reported on the effects of pre-treated Si
substrate with N,O and NH3 gas in order to suppress formation of
interfacial defect by controlling the growth of IL thickness [27,28].
Besides, post-deposition annealing of ZrO, film in nitrogen ambi-
ent was also studied in order to improve its electrical properties
[29,30]. It was found that incorporation of nitrogen into the film
may retard the growth of interfacial layer and improved electri-
cal properties of the film. This improvement may be attributed to
two factors. Firstly, the presence of nitrogen is postulated to pas-
sivate the oxygen vacancies by forming Zr-N, Si-N, and/or Si-O-N
bonds, thus reducing amount of interfacial traps. In addition, these
particular bonds are believed to effectively suppress crystallization
that may enhance thermal stability of the film. Secondly, dangling
bonds of Si surface may be passivated by the nitrogen-rich species
generated during nitridation process [31].

In this paper, formation of ZrO, by simultaneous thermal oxida-
tion and nitridation of sputtered Zr is proposed. This simultaneous
process can be carried out in N,O or NO ambient. When the gas
is heated high enough, nitrogen, oxygen, and their related com-
pounds are formed. The dominance of the oxidation and nitridation
processes may depend on their respective reaction rate. Gas of NO
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is extremely toxic [32]. Hence, to perform a simultaneous thermal
oxidation and nitridation on metallic Zr, N, O gas is more appropri-
ate and preferable due to its non-toxic property [32]. However, up
to date, there is no report on the effects of either N,O or NO gas on
a sputtered Zr thin film on Si substrate. Therefore, this is the main
objective of this manuscript to report on the effects of thermal oxi-
dation and nitridation in N,O ambient of a sputtered Zr/n-type Si
system on their structural and chemical properties. Based on these
results, a possible model related to the oxidation and nitridation
mechanisms has been proposed.

2. Experimental details

n-Type Si substrates ((1 0 0) oriented, 1-10 2cm) were first sub-
jected to an ultrasonic and Radio Corporation of America (RCA)
cleaning then followed by a HF dipping (1 HF: 50 H,0) process
to remove native SiO, from the surface. A 5-nm thick Zr film
was deposited on the cleaned Si substrates by a RF sputtering
system (Edwards Auto 500). During the sputtering process, work-
ing pressure, RF power, and inert Ar gas flow were configured at
1.2 x 10~7 Torr, 170 W, and 20 cm3/min, respectively. The depo-

sition rate was set at 2A/s. The initial thickness of Zr film was
monitored by an in situ monitoring system in the RF sputtering
system. The thickness was also re-measured by ellipsometer, to
confirm the thickness. The thickness of Zr film was 5.00 & 0.05 nm.
After the deposition, samples were placed into a horizontal tube
furnace and heated up from room temperature to 700°C in an Ar
flow ambient and the heating rate was set at 10 °C/min. Once the
set temperature was achieved, N, O gas was purged in with a flow
rate of 150 mL/min for a set of durations (5, 10, 15, and 20 min).
The samples were withdrawn from the furnace after the furnace
was cooled down to room temperature in an Ar ambient. A sim-
ple qualitative cellophane tape adhesion test has been carried out
to examine the adhesion quality of ZrO, on Si substrate and there
was no peeling off issue arisen.

Evaluations of structural and chemical properties of the samples
were carried out by various characterization techniques. Composi-
tional and depth profile measurements of the films were conducted
by an X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra-
DLD) with a monochromatic Al-K, X-ray source (hv=1486.69 eV)
operated at 150 W and a take-off angle of 0° with respect to surface
normal. In order to perform a depth profiling analysis, a 5-kV Ar ion
etching was used. The pressure of Ar in the analysis chamber was
3 x 1077 Torr, while the area of analysis was 220 x 220 wm?. The
chemical compositions of the films were obtained from a combi-
nation of wide and narrow scans. A wide scan was first performed
with a passing energy of 160 eV for 9 min to determine the elemen-
tal chemical states. The core-level spectra that had been detected
were Zr 3d, Si 2p, O 1s, N 1s, and C 1s. Subsequently, for a narrow
scan, a passing energy of 20 eV for 5 min was used to scan through
the binding-energy range of interest. The recorded C 1s peak due
to the adventitious carbon-based contaminant on the surface, with
respect to the literature value of 284.6eV [33,34], was used as a
reference to compensate for the charging effect of the XPS spec-
tra. Surface charge and linear background were corrected with the
help of CasaXPS software (version 2.3.15) before deconvolution of
the XPS spectra was performed. The total concentration of an ele-
ment (Cx) available in the investigated films was calculated based
on the following equation [35-37]

_ Ix/Sx N
S /S
where, Iy and I; were peak intensity of the evaluated element and

all other detected elements, respectively. Sy and S; were sensitivity
factor of the respective evaluated element and all other detectable

Cx 100 (1)

elements. The sensitivity factor is dependent on XPS system. In this
work, the sensitivity factors for Zr 3d, Si 2p, 0 1s, N 1s,and C 1s were
2.576,0.328,0.78, 0.47, and 0.278, respectively.

Energy filtered transmission electron microscopy (EFTEM)
(Zeiss Libra 200) was employed to analyze cross-sectional images
of the films. Prior to this, a protective layer of resist was deposited
on the top most layer of a sample. Then it was ion-milled by
a focused ion beam system. The zone axis used for the imaging
was [110] and the reciprocal lattice vectors were [001], [020],
and [0 1 0]. Interplanar spacing, d, of the polycrystalline struc-
ture was measured from the EFTEM images with the assistance
of Image] software, which gives the accuracy of measurements in
three decimal places. Crystallinity of the films were characterized
by X-ray diffraction (XRD) system (P8 Advan-Bruker)in a scanrange
of 20=20-40° with step time of 71.6s and step size of 0.0342°.
Copper (Cu Ky ) with wavelength (1) of 1.5406 nm was used as X-
ray source. Raman spectroscopy measurements (Jobin Yvon HR 800
UV) using an Ar* incident beam with wavelength of 514.5 nm, were
conducted to ascertain the stability of chemical bonding upon ther-
mal oxidation and nitridation process. Fourier Transform infrared
(FTIR) (Pelkin Elmer Spectrum GX) analysis was performed to ana-
lyze the chemical functional groups of the films.

3. Results and discussion
3.1. XPS measurements

Based on wide scan of XPS, core-level spectra of Zr 3d, Si 2p,
O 1s, and N 1s have been detected in all oxidized samples. Then
narrow scan was performed for each element. Depth profiles of
these elements as a function of etching time for each sample were
obtained (Fig. 1(a)-(d)). It is observed that at earlier etching time,
Zr and O are the dominant elements with atomic ratio of about
1:2. This indicates a stoichiometric ZrO, has been formed. Based
on this justification, a layer of ZrO, located at the outmost layer
of each samples has been identified and indicated in Fig. 1. Atomic
percentage of both Zr and O elements are decreasing as the etching
time is extended and their ratio is deviated from 1:2, until they are
totally disappeared. This is the boundary of oxide and Si. Beyond
this boundary, atomic percentage of Si is increased significantly;
indicating the appearance of Si substrate. In between Si and ZrO,
boundaries, an interfacial layer (IL) with a mixture of Zr, O, Si, and
N have been detected. Detail analysis of the chemical compound
of the IL was performed by narrow scan of XPS and it will be dis-
cussed in the subsequent paragraphs. The thickness of ZrO, and
IL are depending on oxidation time. Based on the figure, thickness
of ZrO, is marginally increased as the oxidation time increases. A
minute variation has been detected from EFTEM images and these
will be presented and discussed in later paragraphs. Distribution
of nitrogen in terms of broadness, maximum atomic percent, and
its location vary with samples. It is seen that sample oxidized for
5min reveals the highest atomic percent (18.90 at%) of nitrogen.
The nitrogen concentration is in the range of 18-19% and it is
consistently detected even more than 3000s of etching time (not
shown). With this observation, one may hypothesize that nitrogen
is embedded deep into the Si substrate. However, this type of dis-
tribution does not observe for other oxidized samples (10-20 min).
In these samples, nitrogen is accumulated at the interfacial layer
with concentration of 1.98-2.20at%, which is much lower than
the concentration detected in 5-min oxidized sample. Among the
three oxidized samples (10, 15, and 20 min), 15-min oxidized sam-
ple demonstrates the highest concentration of nitrogen (2.20 at%).
For 10- and 20-min oxidized samples, concentration of nitrogen is
1.98 and 2.08 at%, respectively. This is in line with the trend of IL
thickness with 15-min oxidized sample showing the thinnest layer.
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Fig.1. Atomic percentage of Zr, Si, O, and N as a function of etching time for different
oxidation duration samples: (a) 5 min, (b) 10 min, (¢) 15 min, (d) 20 min.

Narrow scans of each core-level spectrum as a function of etch-
ing time for different oxidation durations (5-20 min) are presented
in Figs. 2(a-d)-5(a-d). A non-linear Gaussian-Lorentzian function
(solid lines) was employed to deconvolute the measured peaks
(dotted lines) using CasaXPS software (version 2.3.15). The Zr 3d
spectra (Fig. 2(a-d)) are well fitted by Zr-0O, Zr-N, and/or Zr-Si-O
components at their respective binding energies. Zr 3d doublet,
which corresponds to 3ds, and 3d3), spin-orbit split components at
184.4 and 182.0 eV, respectively, has been detected at the top-most
surface (etching time of 0s) for all oxidized samples (5-20 min).
This indicates that stoichiometric Zr-0 (ZrO, ) is formed [38]. As the
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Fig. 2. Evolution of Zr 3d core level XPS spectra as a function of etching time for dif-
ferent oxidation duration samples: (a) 5min, (b) 10 min, (c) 15 min, and (d) 20 min.



Y.H. Wong, K.Y. Cheong / Journal of Alloys and Compounds 509 (2011) 8728-8737 8731

(@) (a)

0s

Si-O-H
101.9

0s

T
pa—— zro
Zr-0/si-0-1 Y. 285

531.5 1= :
I
j—%ﬁ

900-1800 s/
(b) (b)
0 s
300 s
0s
600 s|

Zr-OIS-O-NZe-Si-OSC | \Zr-0
5215 ", | 5298
215,

1 600-900 s

1200-1800 s|

1.
-"I- %
e 900 §
1
\_1200-1800 §

(c)
(c) 0-360
Zr5i0 551
s 994 W7
99.9 b |
el 540 s
R
| 1'
] 5
>°K 720s
f
| |
'S
BN
| 900s
I I
I
|
'
1080-1800 s
1080-1800 s,
; : ) "
1 1 1 1 d
0-300 s
Si.on Sin ZrSi0 SiSi
101.9 999 9940887

P TS5AN 360600 s

TR es07ms

)< Zr-OZr.S-0\s308 Zr-0
J»/ 780-900 s ??..9........_1.__@.29_7

] ] 540s
I Clzr-siol
.__~—'-,—-__Tm-“ 600-900 s
! 960-1300 s
960-1800 s
’ ' * * 534 532 530 528 526
104 102 100 98 96

Binding Energy (e
Binding Energy (eV) g 9y (eV])
Fig. 4. Evolution of O 1s core level XPS spectra as a function of etching time for dif-
Fig. 3. Evolution of Si 2p core level XPS spectra as a function of etching time for dif- ferent oxidation duration samples: (a) 5 min, (b) 10 min, (c) 15 min, and (d) 20 min.
ferent oxidation duration samples: (a) 5 min, (b) 10 min, (¢) 15 min, and (d) 20 min.



8732 Y.H. Wong, K.Y. Cheong / Journal of Alloys and Compounds 509 (2011) 8728-8737

Si-0-N Si-N
3583 397.0

6001800 s

300s

1200-1500 s

(c)

. 180-360s

.. 540-9005

1080-1800 s

(d) 0240 5

1080-1800 s

400 398 396 394
Binding Energy (eV)
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etching time increases, a progressive chemical shift of Zr-O peaks
towards a lower binding energy has been observed. This is due to
evolution from stoichiometric to sub-stoichiometric Zr-O towards
a deeper region of all investigated films [39,40]. This is the only
compound being detected in the 5-min oxidized sample. For sam-
ples with longer oxidation time (10-20 min), Zr-N (179.5eV [41])
and Zr-Si-0 (177.0eV [22]) peaks can be matched; in addition to
the Zr-0 peak. This suggests that a region, which refers to IL, with
Zr-0, Zr-N, and Zr-Si-O related compounds are presence. As the
etching time increases and extended to Si substrate, intensity of Zr
3d spectra decreases and vanishes.

Si 2p spectra (Fig. 3(a-d)) were studied in order to further
identify and verify existence of other components in the oxidized
samples. Initially, there is no observable peak at the earlier etch-
ing time for all investigated samples. As the etching time increases,
Si-O-N, Si-N, and/or Si-Si were detected at binding energies of
101.9eV [35,37],99.9eV [37], and 98.7 eV [22,37,42], respectively.
It is also noted that for 5-min oxidized sample, Si-N peak contin-
ues to be detected along with the Si-Si peak. The Si-Si peak is
originated from Si substrate, while the Si-N peak may be asso-
ciated to SiNy compound. This result infers that SiNy compound
may be incorporated into the Si substrate for this particular sam-
ple. However, for other samples (10-20 min), the Si-N peak is not
detectable in the Si substrate as this peak is vanished as the etch-
ing time is extended further. For all investigated samples, Si-O-N
compound can be detected except for sample oxidized for 15 min.
Intensity, which is indirectly related to the concentration of the
related compound, is the highest for sample oxidized for 5 min,
while the intensity is extremely low in samples oxidized for 10 and
20 min. Another detectable peak s associated with Zr-Si-0 (99.4 eV
[37]) for allinvestigated samples, except for 5-min oxidized sample.
The intensity of this peak is reducing as the etching time is extended
until it is totally vanished. The detection of this peak, with respect
to the range of etching, is in consistent to the results shows in Zr
3d spectra (Fig. 2).

Analysis of O 1s spectra (Fig. 4(a-d)) is of particular interest as
it depicts information, which was obtained earlier. At the top-most
surface (etching time of 0s) of all investigated films, two peaks
can be fitted in the O 1s core level spectra. The peaks located at
530.0eV [43,44] and 532.0eV [45] are associated to stoichiometric
Zr-0. Identical to the observation made in Zr 3d spectra (Fig. 2),
the O 1s spectra has a progressive chemical shift towards lower
binding energies. This is supported by the earlier claim (Fig. 2) that
sub-stoichiometric Zr-0 is detectable as it moves deeper inside.
With increasing of etching time, Si—-O-N (531.5eV [35]) is detected
in all oxidized samples, except in sample oxidized for 15 min. This
is in agreement with the observation being obtained in Si 2p spec-
tra (Fig. 3). Coincidently, this peak (531.5eV) is overlapping with
Zr-0 that is chemically shifted due to non-stoichiometry. Another
possible compound that could be fitted to 531.5 eV is Zr-Si-0 [44].
Based on Guittet et al. [44], binding energy of Zr-Si-0 in O 1s spec-
trum was at 531.3eV. The existence of this compound is highly
possible in samples oxidized for 10-20 min and it is unlikely to be
detected in sample oxidized for 5 min. This is because this peak was
not revealed in Zr 3d spectra (Fig. 2) for that particular sample. It
has been reported that the occurrence of Zr-Si-O compound may
be attributed to the depletion of oxygen [46].

Narrow scan of N 1s core level spectra is presented in Fig. 5(a-d).
There is no peak being detected at earlier etching time. With the
increment of etching time, a peak at binding energy at 398.3 eV
is detected in all samples, except in sample oxidized for 15 min.
This peak is associated with Si-O-N [35,47]. Again, this conclu-
sion is in agreement with the analysis obtained from Si 2p spectra
(Fig. 3). Si-N (397.0eV [35,47]) is another weakly detected com-
pound inallinvestigated samples. An exceptionally strong intensity
of this peak has been revealed in sample oxidized for 5 min and it is
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Fig. 6. Cross-sectional of EFTEM images of the investigated samples at different oxidation durations: (a) 5min, (b) 10 min, (¢) 15 min, and (d) 20 min. Magnified images of Si
substrate of each of the investigated sample is shown on the right side respectively.
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Table 1
Possible compounds in the interfacial layers of the investigated samples.

Compounds Oxidation time (min)

5 10 15 20
Sub-stoichiometric Zr-O J v v v
Si-0-N i J J
Si-N v v v v
Zr-N v v v
Zr-Si-0 v v v

located deep inside Si substrate (etching time of 600 s and beyond)
(Fig.5(a)) as what has been shown in the nitrogen profile in Fig. 1(a).
To support the fitting of Zr-N in Zr 3d spectra (Fig. 2), peak related
to this compound can be identified at binding energy of 395.9 eV
[34] for all investigated samples, except for 5-min oxidized sample.
Based on the analyses of the Zr 3d, Si 2p, O 1s, and N 1s spectra in
Figs. 2-5, possible compounds being detected in interfacial layers
of the investigated samples are shown in Table 1.

3.2. EFTEM analysis

From the cross-sectional EFTEM images (Fig. 6), stoichiometric
ZrO, in polycrystalline structure has been revealed for all investi-
gated sample, as patches of lattice fringes can be clearly seen with
interplanar spacing, d, of 0.260-0.300 nm. This value was measured
from the images and it is in agreement with the d value of ZrO,
[48,49]. The measured physical thickness of ZrO, is approximately
6 nm for all investigated samples and the thickness is marginally
increased as the oxidation time increases (Fig. 7). This is due to
longer oxidation time that allows oxygen to diffuse in deeper and
reacts with Zr. In contrast, thickness of interfacial layer varies with
oxidation time. These results are supportive to the chemical depth
profile analysis in Fig. 1.

From Fig. 6, it is observed that there is a layer between the Si
substrate and the interfacial layer in all oxidized samples. This
layer is regarded as one of the interfacial layers. Based on the
summarized analysis in Table 1, interfacial layers may comprise of
sub-stoichiometric Zr-0, Zr-Si-0, Zr-N, Si-O-N, and Si-N, depend-
ing on the oxidation time. The interfacial layers are in amorphous
structure (Fig. 6). As shown in Fig. 7, effective thickness of inter-
facial layer in 15-min oxidized samples is approximately 4.0 nm
and in 10-min oxidized sample is approximately 10.0 nm with the
thickness of other samples in between this range.

-
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T
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- - -
o [ ] +
T T T

Thickness (nm)
[+-]

Oxidation time (min)

Fig. 7. Average thicknesses of ZrO, and interfacial layers for the investigated sam-
ples. Error bars define the maximum and minimum thicknesses obtained.
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Fig. 8. XRD patterns of bare n-type Si substrate, as-deposited Zr on Si, and oxidized
samples at 700°C for various oxidation times (5-20 min). Inset shows c-Si(400)
peak with very strong intensity at 69.0°.

From the magnified images of Si substrate (Fig. 6), it is noticeable
that in 5-min oxidized sample, a slight expansion in the inter-
planar spacing of Si substrate. According to the XPS results in
Fig. 5(a), Si-N is detected in Si substrate. Incorporation of nitro-
gen in Si substrate may form nanocrystallite SiNy. The lattice
constant of SiNy is larger (a=0.56217 nm [50]) than the constant
of Si substrate (a=0.54300nm [3]). Therefore, an expansion is
observed.

3.3. XRD analysis

Fig. 8(a-f) shows the XRD patterns of bare n-type Si substrate,
as-deposited Zr on Si, and oxidized samples for different dura-
tions. A very strong intensity of diffraction peak at 69.0° (inset of
the figure) is recorded in all investigated samples and the peak is
matched with c-Si(400). In additional, a minor peak at diffrac-
tion angle (26) of 33.1° is also detected and it is matched with
¢-Si(2 1 1) as confirmed by The International Conference for Diffrac-
tion Data (ICDD) card number 01-089-2749 and 01-072-1426,
respectively.

Due to amorphous structure of sputtered metallic Zr on Si, no
diffraction peak is detected in pattern (b) of Fig. 8. After oxidation,
t-ZrO,(101) and t-ZrO,(002) are revealed at diffraction angle of
29.8° and 33.3° (ICDD: 00-024-1164), respectively, for all oxidized
films (Fig. 8(c-f)). According to the ICDD file (00-024-1164), inter-
planar spacing of t-ZrO,(1 0 1) and t-ZrO,(002) are 0.2995 nm and
0.2635 nm, respectively. Therefore, from the XRD analysis, it sug-
gests that crystalline t-ZrO, is formed and the result is supported
by the measured interplanar spacing obtained from EFTEM images
(Fig. 6).

3.4. Raman spectroscopy

Since no direct indication of t-ZrO, stabilization is produced
in the XRD spectra, Raman spectroscopy has been employed to
determine the stabilization of t-ZrO, upon thermal oxidation and
nitridation process. The Raman results for all investigated samples
(5-20 min) are demonstrated in Fig. 9(a)-(d). Three peaks located
at300cm~1[51],430cm™! [51], and 520 cm~! [52] are originated
from the silicon substrate in all investigated samples. On the other
hand, presence of a peak at 250 cm~! [51] is identified to be t-ZrO,
in all investigated samples. Based on this result, it has confirmed
that a stable t-ZrO, has been formed in all investigated samples,
complementing with the findings provided by XRD analysis.
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Fig. 9. Raman spectra of oxidized samples at 700 °C for various oxidation durations
(5-20 min).

3.5. FTIR analysis

FTIR analysis was carried out in order to further identify the
chemical functional groups in the samples. Fig. 10 displays the FTIR
transmittance spectra (1200-400 cm~1) of bare n-type Si substrate,
as-sputtered Zr on Si, and oxidized samples for various oxida-
tion time. Si-Si vibration mode band, which is originated from
Si substrate, is located at 610cm~"! in all samples. Sample of as-
sputtered Zr on Si does not show any detectable peak of Zr-Zr
and/or Zr-Si. This is because those inorganic bonds are inactive in
region of mid-infrared (4000-400 cm~1)[53,54]. For oxidized sam-
ples, transmittance bands of Zr-0 vibration mode are detected at
around 440 and 580cm~! and it is associated with ZrO, [55-58].
Besides,aband at 1100 cm~! is recorded in all investigated samples.
This band is related to Si-O bond in Zr-0-Si stretching vibration or
in Si-O-N vibration [56,59,60]. These results are complementary
with the conclusions based on XPS and XRD.

3.6. Oxidation and nitridation mechanisms

From the structural and chemical characterizations, a possible
model of oxidation and nitridation mechanisms of sputtered Zr in
N, O ambient has been proposed (Fig. 11). Due to fast initial oxida-
tion of Zr at room temperature, a very thin monolayer (~1 nm) of
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Fig. 10. FTIR transmittance spectra for bare n-type Si substrate, as-deposited Zr on
Si, and oxidized samples at 700 °C for various oxidation durations (5-20 min).
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Fig. 11. Model of layers distribution after different oxidation time: (a) 5min, (b)
10 min, (¢) 15 min, (d) 20 min.

ZrO, is formed on the top-most surface according to the following
reaction [61]:

Zr+ 0y — ZrO, (2)

According to the experimental works carried out by Gupta et al.
[62] and Enta et al. [32], decomposition of N,O was at elevated
temperatures above 1000 °C. Nevertheless, based on the study con-
ducted by Miller and Grassian [63], it was determined that ZrO, is
an effective catalyst for the decomposition of N,O, whereby N,O
will decompose exclusively to N and O compounds. The study was
also identified that Zr cations were involved in the decomposition
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reaction of N, O. As reported by Zhu et al. [64], a complete catalytic
decomposition of N,O on ZrO, happens at temperature of 700°C,
therefore, this particular temperature was chosen in this study. It is
reported by Petrucci et al. [65] that there is no free energy change-
temperature dependence in the decomposition of N,O into N and
O compounds. Therefore, the decomposition is spontaneous at all
reaction temperatures.

During initial stage (5 min), Zr cations as catalytic ions are able
to decompose N,O into N and O compounds. The decomposition
rate is higher in this stage than other extended oxidation time. As
the oxidation time is extended, less Zr cations acting as catalyst are
remained in the system and therefore, less N and O compounds are
produced. Since oxygen atoms are easily being sensed and absorbed
by Zr metal [66], the absorbed O atoms may react with Zr to form
Zr-0 compound. This process may proceed further inward, depend-
ing on the availability of oxygen. The reaction is described by:

G +27r — 7r-0 3)

where, the arrow pointing to the right above a chemical symbol
indicates an inward diffusion process of the particular chemical.
A stoichiometric Zr-O (ZrO,) layer is formed, when sufficiently
high concentration of oxygen is supplied [66]. As the thickness of
ZrO, increases, less oxygen may diffuse in and cause an incomplete
reaction between Zr and O. As a result, a sub-stoichiometric Zr-O
compound is formed at interfacial layer between the stoichiometric
Zr-0 compound (ZrO,) and the Si substrate.

Concurrently, nitridation process is also taking place, in which
inward diffusing N atoms may either react with outward diffusing
Si atoms originated from Si substrate or with static Si atoms of the
substrate. Either possibility may form Si-N:

N+ <Si or Si— Si-N (4)

where, the arrow pointing to the left above a chemical symbol
indicates an outward diffusion of that particular chemical. When
nitrogen atoms react with out-diffusing Si atoms, Si-N related
compound is formed at the interfacial layer. While the reaction
between nitrogen and static Si substrate may form nanocrystalline
of SiNx. Based on EFTEM analysis (Fig. 6(a)), the nanocrystalline
is embedded in Si substrate. Formation and embedment of the
nanocyrstalline can be explained as follows. During initial decom-
position of N, 0O, high concentration of nitrogen is produced due to
higher amount of Zr cations, which is acting as catalytic ions [nitro-
gen profilein Fig. 1(a)]. Since the concentration of nitrogen is high, it
may easily diffuse towards the Si substrate. In addition to that, due
to the smaller atomic size of nitrogen than oxygen; hence, nitrogen
is easier to diffuse deeper into Si substrate. The diffused nitrogen is
trapped in the substrate when the oxidation process is terminated
at 5min. The trapped nitrogen may spontaneously react with Si
to form nanocrystalline of SiN,. Based on these explanations, it is
concluded that the nitridation rate is higher than oxidation rate for
sample oxidized for 5 min.

Simultaneously, excessive diffusing O and N atoms may react
with out-diffusing Si atoms to form Si-O-N at the interfacial layer
[35,67]:

<Si+ 0+ N = Si-O-N (5)

As the oxidation time is extended to 10 min, less N,O can
be decomposed. This is attributed to the initial ZrO, layer being
formed at 5 min oxidation acting as a barrier layer or caused by less
availability of Zr cations acting as catalyst. Owing to this, only a
marginal increment in ZrO, thickness is observed (Fig. 7). Due to
the extended oxidation time, oxygen is able to diffuse in deeper
and react with Zr. However, the amount of oxygen is relatively
low. Hence, reaction between Zr and O may be uncompleted and
sub-stoichiometric Zr-0 is formed at the interfacial layer. Simul-
taneously, owing to the out-diffusion of Si atom and reaction with

the sub-stoichiometric Zr-0, Zr-Si-O compound may be formed
[43,68-71]:

Zr-0+ O + <« Si — Zr-Si-0 (6)
Zr-0 + < Si — Zr-Si-0 (7)

Similarly, amount of nitrogen that is diffusing inwards is also
less (nitrogen profile in Fig. 1) due to lesser Zr cations, as catalyst,
and thicker ZrO,, as barrier layer. The concentration of nitrogen
is much lower than the pre-existing concentration of nitrogen
trapped in Si substrate. Due to this, a concentration gradient of
nitrogen is created and out-diffusion of nitrogen from the Si sub-
strate towards the interface layer is initiated. The out-diffusing
nitrogen may react with sub-stoichiometric Zr-O to form Zr-N
compound by releasing oxygen [72]:

Zr-0+ N - Zr-N+ 0 (8)

The reported Gibbs free energies of formation of ZrN and
stoichiometric ZrO, at 700°C are —403.27 kJ/mol [65,72,73] and
—1146.14kJ/mol [65,72,74], respectively. This indicates the forma-
tion of ZrN is less favourable than formation of stoichiometric ZrO,
at this temperature. However, in this case, the Zr-0 involved is
sub-stoichiometric, therefore, the formation of ZrN (Eq. (8)) is more
favourable. Simultaneously, the nitrogen may also react with out-
diffusing Si to form Si-N. Since the supply of oxygen is coming from
in-diffusion of the decomposed N, O and from dissociation of sub-
stoichiometric Zr-0 (Eq. (3)), it may react with Si-N to form Si-O-N
compound [35,67].In this situation, it is proposed that the oxidation
rate is higher than nitridation rate.

When the oxidation time is prolonged to 15 min (Fig. 10(c)),
Si-O-N is absent. This is because Si-O-N is re-structured to form a
more thermodynamically stable Si-N compound [35,67]:

Si-O-N = Si-N+ < O (9)

During this reaction, oxygen is released and together with
oxygen from the ambient, sub-stoichiometric Zr-O (Eq. (3)) and
Zr-Si-0 (Egs. (6) and (7)) compounds are produced and enhanced.
The out-diffusion of nitrogen is continued to happen and it is fur-
ther reacted with sub-stoichiometric Zr-0 to form Zr-N (Eq. (8)).
Therefore, the concentration of Zr-N is increased if compared with
sample oxidized for 10 min. With the re-structuring of Si—-O-N to
Si-N (Eq. (9)), thickness of interfacial layer is reduced. For this
duration of process (15min), oxidation and nitridation rates are
in equilibrium.

As the oxidation time is extended to 20min, available
compounds in the interface layer are further re-structured. Concur-
rently, Si-O-N is re-formed and a slight increment in the interfacial
thickness is observed. The formation of Si-O-N may attribute to the
higher oxidation rate than nitridation rate. Based on this model, for-
mation of ZrO, and compounds related to interfacial layers of all
oxidized samples has been explained.

4. Conclusions

In this work, structural and chemical properties of sputtered
Zr oxidized in N,O ambient for different oxidation durations
(5-20min) were presented. Based on XPS results, the oxidized
and nitrided layers consisted of a stacked stoichiometric Zr-O
(ZrOy) layer on an interfacial layer with compounds related to sub-
stoichiometric Zr-0, Zr-N, Zr-Si-0, Si-N, and/or Si-O-N. A possible
model related to the oxidation and nitridation mechanism has been
proposed and explained. EFTEM images illustrated that a polycrys-
talline ZrO, had been formed along with the amorphous interfacial
layers in the sample. This result is then further supported by XRD
analysis and Raman spectroscopy, concluding that the ZrO, was in
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tetragonal phase. FTIR analysis was used to identify chemical func-
tional groups of the samples. It indicated that Zr-O and Zr-Si-O
were formed in the oxidized films. The reported structural and
chemical properties of the film in this study may serve as a key
role to understand the functional properties of the film to work as
advanced high-« dielectric in MOS-based devices.
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