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Thermal oxidation of 150-nm sputtered pure samarium metal film on silicon
substrate has been carried out in oxygen ambient at various temperatures
(600�C to 900�C) for 15 min and the effect of the oxidation temperature on the
structural, chemical, and electrical properties of the resulting Sm2O3 layers
investigated. The crystallinity of the Sm2O3 films and the existence of an
interfacial layer were evaluated by x-ray diffraction (XRD) analysis, Fourier-
transform infrared (FTIR) spectroscopy, and Raman analysis. The crystallite
size and microstrain of Sm2O3 were estimated by Williamson–Hall (W–H) plot
analysis, with comparison of the former with the crystallite size of Sm2O3 as
calculated using the Scherrer equation. High-resolution transmission electron
microscopy (HRTEM) with energy-dispersive x-ray (EDX) spectroscopy anal-
ysis was carried out to investigate the cross-sectional morphology and chem-
ical distribution of selected regions. The activation energy or growth rate of
each stacked layer was calculated from Arrhenius plots. The surface rough-
ness and topography of the Sm2O3 layers were examined by atomic force mi-
croscopy (AFM) analysis. A physical model based on semipolycrystalline
nature of the interfacial layer is suggested and explained. Results supporting
such a model were obtained by FTIR, XRD, Raman, EDX, and HRTEM
analyses. Electrical characterization revealed that oxidation temperature at
700�C yielded the highest breakdown voltage, lowest leakage current density,
and highest barrier height value.
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INTRODUCTION

Nowadays, electronic devices require superior
characteristics and performance such as high speed,
low cost, small size, high reliability, high package
density, and low power consumption due to rapid
developments in the semiconductor industry.1–4

During the last few decades, silicon dioxide (SiO2)
has been widely used as a gate oxide layer on silicon
substrates in the microelectronics industry because
of its excellent insulating properties and formation
of good native oxide. However, physically thicker
layers but with the same electrical equivalent
thickness will be required for future nanoscale
metal–oxide–semiconductor (MOS) technology.

Many research studies have been carried out on
replacement of SiO2 gate oxide with HfO2,4,5

ZrO2,4–6 ZrON,7–13 Al2O3,4,6 La2O3,4,14–16

TiO2,4,6,17–19 Ta2O5,4,6,17–19 and Y2O3.4,6 However,
each of these has its own drawbacks compared with
SiO2. Recently, various rare-earth oxides (REOs)
have been investigated due to their superior prop-
erties.15,20,21 Samarium oxide (Sm2O3) is one of the
promising candidate materials among such rare-
earth oxides because of various outstanding prop-
erties such as high dielectric constant (7 to 15), high
breakdown electric field (5 MV/cm to 7 MV/cm),
large bandgap (4.33 eV), low leakage current, large
conduction band offset with Si, good thermal stabil-
ity, low frequency dispersion, and low trapping
rates.15,20,22–24 Sm2O3 is also predicted to be ther-
modynamically stable on Si substrate.22 Moreover,(Received February 1, 2016; accepted May 21, 2016;
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Sm2O3 is less hygroscopic among the REOs because
of its smaller ionic radius and less electropositive
properties.25

Various deposition methods and postannealing
processes for oxides have been studied over the last
20 years. Sm2O3 films have been deposited by
several methods such as atomic layer deposition,15

metalorganic chemical vapor deposition
(MOCVD),26 pulsed layer deposition (PLD),27 ther-
mal evaporation,28 vacuum evaporation,29 resistive
evaporation,30 and direct-current (DC) and radiofre-
quency (RF) sputtering.22–24,31,32 DC and RF sput-
tering deposition are usually followed by
postdeposition annealing (PDA) at various temper-
atures in oxygen or nitrogen ambient.

For Sm2O3 films deposited by MOCVD, strong
crystallization occurs with cubic phases formed at
lower temperatures. With increasing deposition
temperature, Sm2O3 with preferred (111) orienta-
tion and monoclinic structure is detected. The
surface roughness decreases as the deposition tem-
perature is increased.26 Sm2O3 film deposited by RF
reactive sputtering and annealed at 700�C exhibited
the smoothest surface and best electrical results,
among different annealing temperatures tested
(600�C to 800�C).22 An SiO2 interfacial layer grows
rapidly at 800�C due to oxygen diffusion from
Sm2O3 to the Si substrate.22 Sm2O3 films deposited
by thermal evaporation remain amorphous even
after PDA at up to 600�C.28 Smooth and amorphous
Sm2O3 film can be achieved by both PLD and RF-
PLD at room temperature. Neither Sm silicate nor
SiO2 were detected between Sm2O3 and the Si
substrate.27 Polycrystalline Sm2O3 films are formed
at room temperature in argon ambient by RF
magnetron sputtering.31 Among various PDA tem-
peratures (100�C to 400�C), PDA at 200�C resulted
in the smoothest surface and lowest leakage current
due to lesser crystal defects.23 Relatively high
deposition and annealing temperatures and the

metal ionic radius facilitated formation of a metal
silicate interlayer.33 The silicate interlayer will
increase the equivalent oxide thickness, degrading
the electrical properties.

Among the deposition techniques, MOCVD
requires high temperature to decompose the met-
alorganic precursor compound, and the presence of
carbon, chlorine, and hydrogen may degrade the
electrical properties.18,22 Molecular beam epitaxy
(MBE) deposition may create positively charged
defects due to low oxygen supply resulting from low
oxygen partial pressure during deposition.34 RF
magnetron sputtering offers a high deposition rate,
low substrate temperature rise, and good adhesion
between the film and substrate.35 Although
straightforward RF cosputtering of a samarium
target in mixed oxygen/argon ambient followed by
PDA is an easier approach, it may oxidize the silicon
substrate to form a thick SiO2 interlayer during
deposition.36 A sputtering process with a pure metal
target followed by thermal oxidation is preferable
because the metal oxide film and interfacial layer
can be controlled during the thermal oxidation
process. Stoichiometric metal oxide film can be
formed.8,9,12 However, use of this method for for-
mation of samarium oxide thin films has not yet
been reported.

In this study, the effects of the oxidation temper-
ature during the thermal oxidation process after
sputtering with a pure samarium target were
studied, since temperature plays a main role in
the physical and electrical properties of the result-
ing thin films. Moreover, the growth mechanisms of
Sm2O3 and the interfacial layer have not been fully
investigated yet. As summarized in Table I, only
one study analyzed the deposited film using trans-
mission electron microscopy (TEM) analysis,
whereas three studies analyzed the deposited layer
using x-ray photoelectron spectroscopy (XPS) only.
Hence, HRTEM analysis was carried out to reveal

Table I. Summary of thickness and its root-mean-square (RMS) variation, and interfacial layer
characterization methods of Sm2O3 films deposited by various previous methods

No. Deposition method Thickness (nm) RMS (nm)
Interfacial layer

characterization method Ref.

1 ALD 50 1.2 – 15
2 RF sputtering 7.5–8.2 0.19–0.37 XPS 22
3 DC sputtering 120 3.43–7.81 XPS 23
4 RF sputtering 25 – XPS 24
5 MOCVD 120 3.9–7.9 – 26
6 PLD 61.4 5–10 SEM 27
7 Thermal evaporation 122.2 – – 28
8 Vacuum evaporation 230–300 – – 29
9 RF sputtering 61 – TEM 31
10 RF sputtering 120 – – 32
11 RF sputtering 110–125 5.2–19.5 – 52

ALD, atomic layer deposition.

Effect of Oxidation Temperature on Physical and Electrical Properties of Sm2O3 Thin-Film
Gate Oxide on Si Substrate

5303



the growth mechanisms of Sm2O3 and the interfa-
cial layer. The physical and electrical properties of
the Sm2O3 films with different oxidation tempera-
tures are also discussed.

EXPERIMENTAL PROCEDURES

Silicon substrates [n-type, (100)-oriented, 1 X cm
to 10 X cm, 1 cm 9 1 cm] were cleaned by standard
Radio Corporation of America (RCA) cleaning pro-
cedures followed by dipping for 15 s into hydroflu-
oric acid (HF) solution (1:50 HF:H2O). Metallic Sm
film with thickness of 150 nm was sputtered from a
Sm target (Kurt J. Lesker, USA, 99.9% purity)
using a TF 450 physical vapor deposition (PVD)
radiofrequency (RF) sputtering system. The work-
ing pressure, RF power, and argon gas flow rate
were regulated at 3 9 10�5 mbar, 170 W, and
25 cm3/min, respectively. A Carbolite CTF tube
furnace was heated up to a set of oxidation temper-
atures (600�C, 700�C, 800�C, and 900�C) with
heating rate of 10�C/min and argon gas flow rate
of 150 mL/min. Once the temperatures were
achieved, samples of sputtered Sm on Si were
placed into the tube furnace with oxygen flow rate
of 150 mL/min for 15 min. The oxidized samples
were then cooled down in the tube furnace before
removal.

The properties of the samples were investigated
by various characterizations methods. Film crys-
tallinity was characterized using a PANalytical
Empyrean x-ray diffractometer (XRD) system in
the 2h scan range from 20� to 90�. Copper radiation
(Cu Ka) with wavelength (k) of 0.15406 nm was used
as x-ray source. Cross-sectioned film was analyzed
by TECNAI G2 F20 high-resolution transmission
electron microscope (HRTEM) after deposition of
platinum (Pt) on the sample surface to protect it
from ion bombardment damage caused by the
focused ion beam during lamella preparation. The
chemical composition of the samples was deter-
mined by energy-dispersive x-ray (EDX) analysis
using an Oxford Instrument X-MaxN 80T SDD
detector. The interplanar spacing (d) of the poly-
crystalline structure was measured from HRTEM
images using ImageJ software, yielding measure-
ment accuracy of three decimal places. A Veeco
D3100 atomic force microscope (AFM) was used to
analyze the surface topography and obtain the root-
mean-square (RMS) value in noncontact mode on
1 lm 9 1 lm scanned surface areas. Chemical func-
tional groups of the films were analyzed using a
PerkinElmer Spectrum 400 Fourier-transform
infrared (FTIR) spectrometer. Chemical bonding
stability measurements were carried out using a
Horiba Xplora One Raman spectrometer.

MOS capacitor test structures with area of
3 lm 9 3 lm were fabricated to investigate the
electrical properties of the films. Aluminum (Al,
99.9995% purity, 100 nm; Kurt J. Lesker, USA) was
sputtered through a mask using a TF 450 PVD RF

sputtering system. The back side of the Si was also
sputtered with 100-nm-thick Al film to form an
Ohmic back contact. Current–voltage (I–V) mea-
surements were conducted using a BPW-800 8¢¢
probe station with a Keithley 4200 semiconductor
characterization system (SCS).

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the Sm films
sputtered on Si substrate after oxidation at different
temperatures (600�C, 700�C, 800�C, and 900�C).
Three strong peaks at 28�, 69�, and 76� were
detected for all samples, matching three different
planes of the cubic structure of silicon: c-Si (111), c-
Si (004), and c-Si (331), respectively; these peaks are
confirmed by Inorganic Crystal Structure Database
(ICSD) with reference code 98-001-6569. The cubic
structure of Sm2O3 (c-Sm2O3) was revealed at
various diffraction angles of 17.8�, 19.9�, 38.6�,
46�, 48�, 54�, 56�, 58.5�, 61�, 74.7�, and 75.5�,
corresponding to (002), (112), (233), (152), (334),
(154), (226), (444), (064), (138), and (257) planes,
respectively. These peaks are confirmed by ICSD
with reference code 98-004-0475. According to the
XRD results, it was observed that the peaks at
38.6�, 46� and 58.5� increased in intensity and
became sharper as the oxidation temperature of the
samples was increased from 600�C to 900�C, as
shown in Fig. 2, implying that the crystallinity of
Sm2O3 increased with the oxidation temperature.

Peak broadening in XRD patterns can also be
used to evaluate the crystallite size (D) and micros-
train (e) due to crystal defects such as dislocations.37

The crystallite size (D) and microstrain (e) can be
extracted using three methods: (1) the simplified
integral breadth method, (2) the Fourier method,
and (3) the double Voigt method. Of these three
methods, the simplified integral breadth method
gives an average value instead of a crystallite size

Fig. 1. XRD patterns of samples oxidized at various temperatures
(600�C to 900�C).
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distribution.38–42 The simplified integral breadth
method consists of two basic approaches: (1) Debye–
Scherrer analysis, and (2) Williamson–Hall (W–H)
analysis.40,41

In Debye–Scherrer analysis, the Scherrer equa-
tion is used to estimate the crystallite size D of
Sm2O3

37,40 as

D ¼ Kk
bD cos h

ð1Þ

where k is the wavelength of the radiation; K is a
constant, which is equal to 0.9; bD is the peak width
at half-maximum intensity; and h is the peak
position. Using the Scherrer equation, the average
crystallite size of Sm2O3 samples with oxidation
temperature of 600�C, 700�C, 800�C, and 900�C was
calculated using various peaks to be 1.22 nm,
1.16 nm, 1.61 nm, and 1.64 nm, respectively
(Fig. 3). Since the Scherrer equation only gives a
lower bound on the crystallite size and microstrain
is not take into account, W–H analysis was also
conducted.37

Unlike Debye–Scherrer analysis, W–H analysis
can analyze crystallite sizes at various 2h positions
at once, instead of only a single 2h position. Apart
from crystallite size, lattice strain is another, inde-
pendent factor contributing to total peak broaden-
ing.37,40,43 The strain-induced broadening due to
crystal distortion and imperfections is given by

e ¼ bS

4 tan h
; ð2Þ

where bS is the peak width at half-maximum
intensity and h is the peak position. From Eqs. 1
and 2, it is clear that the peak width from strain
varies as tan h (integral breadth of Gaussian com-
ponent) whereas the crystallite size varies as 1/cos h
(integral breadth of Lorentzian component).40,41,43

For W–H analysis, assuming that the crystallite
size and strain contributions to the peak broadening

are independent and both have a Cauchy-like profile
(a convolution of a Gaussian and Lorentzian pro-
file), the peak broadening is the sum of the Scherrer
equation (Eq. 1) and strain-induced broadening
(Eq. 2):37,40,41,43,44

bhkl ¼ bD þ bS ð3Þ

bhkl ¼
Kk

bD cos h
þ 4e tan h: ð4Þ

Rearranging, the W–H equation becomes

bhkl cos h ¼ Kk
D

þ 4e sin h: ð5Þ

Based on Eq. 5, one plots a graph of bhklcos h
versus 4sin h (Fig. 4). Five points with the best
goodness of fit (r2) are selected from the distribution
of values. e is the gradient while Kk/D is the
intercept of the graph, from which D can be
calculated. Based on W–H analysis, the crystallite
size of Sm2O3 increased from 9.32 nm to 65.77 nm
as the microstrain of Sm2O3 increased from 0.033 to
0.060 as the oxidation temperature was increased
from 600�C to 900�C (Fig. 5). The crystallite sizes of
Sm2O3 calculated by both the Scherrer equation and
W–H analysis exhibit the same trend with increas-
ing oxidation temperature.

FTIR analysis was used to determine the chem-
ical functional groups in the samples. Figure 6
shows the FTIR transmittance spectra (700 cm�1

to 400 cm�1) for the samples of Sm sputtered on Si
substrates for the different oxidation temperatures.
The Si–Si vibration mode band was located at
567 cm�1 for all samples, broadening as the oxida-
tion temperature was increased. For oxidation
temperature of 600�C, Sm–O vibration modes were
detected at 409 cm�1,45 418 cm�1,45,46 432 cm�1,45,47

Fig. 2. Intensities of Sm2O3 (233), (444), and (152) peaks at 38.6�,
58.5�, and 46�, respectively, as functions of oxidation temperature
(600�C to 900�C).

Fig. 3. Crystallite size calculated by Scherrer equation for Sm2O3 as
function of oxidation temperature (600�C to 900�C).
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439 cm�1,45,47 459 cm�1,45,48 473 cm�1,46,48 482
cm�1,45,46 and 502 cm�1.45 However, these peaks
shifted or broadened as the oxidation temperature
was further increased to 700�C, 800�C, and 900�C.
The peaks for the 700�C, 800�C, and 900�C samples
at 482 cm�1 and 502 cm�1 broadened as the temper-
ature was increased. All the peaks at 473 cm�1

broadened and decreased in intensity as the oxidation
temperature was increased. The peak at 459 cm�1

shifted to higher wavelength (462 cm�1) for 700�C
compared with the 800�C (461 cm�1) and 900�C
(460 cm�1) samples. The peaks at 432 cm�1 and
439 cm�1 combined into a single peak (435 cm�1)
after further oxidation. However, the peak intensity
decreased at 800�C, almost disappearing at 900�C.
The peak at 418 cm�1 for the 700�C sample separated
into two, but having decreased intensity for the 800�C
and 900�C samples. The peak at 409 cm�1 shifted to
403 cm�1, 410 cm�1, and 407 cm�1 for the 700�C,
800�C, and 900�C samples, respectively. It can be
inferred that such broadening and shifting of the
peaks may be due to formation or growth of an
interfacial layer.

Fig. 4. W–H plot of samples oxidized at various temperatures
(600�C to 900�C).

Fig. 5. Crystallite size and microstrain calculated from W–H plot as
functions of oxidation temperature (600�C to 900�C).

Fig. 6. Transmittance spectra of samples oxidized at various tem-
peratures (600�C to 900�C).

Fig. 7. Raman spectra of samples oxidized at various temperatures
(600�C to 900�C).

Fig. 8. Intensities of semipolycrystalline IL signal at 245 cm�1 and
477 cm�1 as function of oxidation temperature (600�C to 900�C).
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The Raman results for all the oxidized samples
are shown in Fig. 7. The peak at 520 cm�1 is
assigned to the silicon substrate.12 The peaks at
111 cm�1,49 120 cm�1,49 145 cm�1,49 168 cm�1,49,50

177 cm�1,49 238 cm�1,49–51 and 408 cm�149–51 are
identified as corresponding to Sm2O3. The intensity
of the unknown peaks at 245 cm�1 and 477 cm�1

increased as the oxidation temperature was
increased owing to improved crystallinity (Fig. 8).
Since they belong to neither Sm2O3 nor Si, they are
inferred to correspond to a semipolycrystalline

interfacial layer, as inferred from the results of
XRD and FTIR analyses.

Figure 9 shows cross-sectional HRTEM images of
samples oxidized at different temperatures (600�C
to 700�C). Magnified images of each oxidized
samples are shown on the bottom left-hand side.
It is observed that the oxide/semiconductor struc-
ture consists of four layers, i.e., Si substrate,
interfacial layer-1 (IL-1), IL-2, and Sm2O3 layer.
The total oxide layer thickness for 600�C, 700�C,
800�C, and 900�C was 155.16 nm, 159.01 nm,

Fig. 9. Cross-sectional TEM images of samples oxidized at various temperatures: (a) 600�C, (b) 700�C, (c) 800�C, and (d) 900�C. A magnifi-
cation of each image is shown on the bottom-left side.
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149.9 nm, and 163.08 nm, respectively. The IL-1
thickness for 600�C, 700�C, 800�C, and 900�C was
2.02 nm, 1.69 nm, 2.97 nm, and 4.91 nm, respec-
tively. The IL-2 thickness for 600�C, 700�C, 800�C,
and 900�C was 6.26 nm, 6.15 nm, 20.72 nm, and
15.54 nm, respectively. Sm2O3 lattice fringes can
be clearly seen with interplanar spacing (d) of
0.194 nm to 0.258 nm as measured from the
images, in agreement with the average d value
(0.228 nm) of Sm2O3 from ICSD data. Polycrys-
talline structure of Sm2O3 and amorphous struc-
ture of IL-1 were revealed for all investigated
samples. However, IL-2 exhibited semipolycrys-
talline nature for all samples. Hence, it is inferred
that the two unknown peaks in Raman analysis are
due to the presence of semipolycrystalline interfa-
cial layers. The total thickness of the 800�C sample
was the least (Fig. 10). However, its interfacial

layer (IL-1 + 2) was the thickest among the sam-
ples. For oxidation temperature of 700�C, both
interfacial layers were the thinnest, while the
Sm2O3 layer was the thickest among the samples
(Fig. 10). The total thickness of interfacial layer
increased dramatically at oxidation temperature of
800�C and 900�C. This is because oxygen atoms
actively diffused to the Sm2O3/Si interface from
crystal defects and nonstoichiometric compounds
when the oxidation temperature was increased.22

EDX line-scan compositional analysis revealed
that not only an Sm2O3 layer is formed but also an
Sm-O-Si interfacial layer between the Sm2O3 layer
and Si substrate (Fig. 11). Based on the EDX, XRD,
FTIR, and Raman results, a physical model is
proposed in Fig. 12. At 600�C, oxygen (O) reacts
with Sm to form Sm2O3. At the same time, Si also
diffuses into Sm2O3 to form an interfacial layer
(SmxSiyOz). As shown by EDX analysis, an Si-rich
SmxSiyOz layer (IL-1) is located near to the Si
substrate, while an Sm-rich SmxSiyOz layer (IL-2) is
located near the Sm2O3. According to HRTEM, IL-2

Fig. 10. IL-1, IL-2, IL-1 + 2, Sm2O3, and total thickness as functions
of oxidation temperature (600�C to 900�C).

Fig. 11. EDX compositional analysis of Sm2O3 and Si elements for
oxidized samples.

Fig. 12. Models of layer distributions for different oxidation temper-
atures: (a) 600�C, (b) 700�C, (c) 800�C, and (d) 900�C.
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exhibited semipolycrystalline structure, while IL-1
exhibited amorphous structure. Some polycrystalline
structures could be observed in regions between
IL-2 and Sm2O3. At 700�C, the growth rate of

stable Sm2O3 was faster than for SmxSiyOz, so the
thickest Sm2O3 layer formed with both ILs being
the thinnest. However, an undesirable thick inter-
facial layer aggressively formed when the oxidation

Fig. 14. Two-dimensional surface topography of samples oxidized at various temperatures: (a) 600�C, (b) 700�C, (c) 800�C, and (d) 900�C.

Fig. 15. RMS values of samples oxidized at various temperatures
(600�C to 900�C).

Fig. 13. Arrhenius plots of IL-1, IL-2, IL-1 + 2, Sm2O3, and total
thickness in O ambient.
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temperature was increased to 800�C and 900�C.
The reaction between Sm2O3 and Si occurred
rapidly to form thick SmxSiyOz because of the
higher activation energy under higher-temperature
ambient.

Figure 13 shows the Arrhenius plot of IL-1, IL-2,
IL-1 + 2, Sm2O3, and total (IL-1 + IL-2 + Sm2O3)
growth in O ambient. The IL-1, IL-2, IL-1 + 2,
Sm2O3, and total growth rates were identified to be
governed by

t ¼ t0 exp
�Ea

kT

� �
; ð6Þ

where Ea is the reaction activation energy, k is the
Boltzmann constant, and t and t0 are the final and
initial thickness, respectively, of IL-1, IL-2, IL-
1 + 2, Sm2O3, and all layers at given temperature T
(K). The Ea values calculated for the IL-1, IL-2, IL-
1 + 2, Sm2O3, and total growth rates were
2.7 9 10�4 eV, 3.5 9 10�4 eV, 3.4 9 10�4 eV,
�4.3 9 10�5 eV, and �8.6 9 10�6 eV, respectively.
Positive values of Ea indicate that the reaction rate
will increase as the oxidation temperature is
increased. This indicates that the thickness of the
interfacial layers will increase as the oxidation
temperature is increased. Negative values of Ea

indicate that the reaction rate decreases or densi-
fication occurs as the oxidation temperature is
increased. Moreover, the magnitude indicates the
reaction tendency, with low magnitude indicating
aggressive growth while large magnitude indicates
slow growth.

Figure 14 shows the two-dimensional surface
topography of the oxidized samples obtained by
atomic force microscopy (AFM) over scanned areas
of 1 lm 9 1 lm. The surface roughness decreased
when the oxidation temperature was increased from
600�C to 700�C, but increased again from 700�C to
900�C (Fig. 15). This may be due to consolidation of
grains, with grain formation being favored at 700�C
but grain clustering (dotted line in Fig. 14c, d)
starting at higher temperatures (800�C and
900�C).22,23 A similar phenomenon occurred in
previous work where it was reported that RMS
values decreased then increased again as the
annealing temperature was increased.23

Figure 16 shows the leakage current density–
electric field (J–E) characteristics for the investi-
gated samples. The current–voltage (I–V) measure-
ment results were transformed to a J–E plot. The E
value was obtained from

E ¼ ðVg � VfbÞ
tox

ð7Þ

where Vg is the gate voltage, Vfb is the flatband
voltage and tox is the oxide thickness.

Two-step oxide breakdown was revealed in all the
characterized MOS capacitors. This is due to pre-
mature breakdown at lower electrical field (ES) of

one layer (Sm2O3 or IL). Another layer will block the
carriers until its electrical breakdown at higher
electrical field (EH). The instantaneous increment of
leakage current density at ES is relatively small,
being defined as soft breakdown. For EH, the
instantaneous increment is larger, being defined
as hard breakdown.

The samples oxidized at 600�C and 700�C showed
almost the same EH values. However, the J value
was relatively lower for the sample oxidized at
700�C. The thickest IL in the sample oxidized at
900�C, as shown by TEM analysis, may degrade its
electrical breakdown properties. Surface roughness
may also be a factor affecting the electrical break-
down of the samples. The smoother samples (those
oxidized at 600�C and 700�C) showed higher elec-
trical breakdown fields compared with the relatively
rougher samples (those oxidized at 800�C and
900�C). Rough and larger grains may lead to faster

Fig. 17. Cumulative failure percentage of dielectric breakdown field
(EBD) of samples oxidized at various temperatures (600�C to
900�C).

Fig. 16. J–E characteristics of samples oxidized at various temper-
atures (600�C to 900�C).
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electrical breakdown compared with small and fine
grain structure, because grain boundaries act as
current transport paths. For smaller grain size, it is
much more difficult for the current to cross thin
films compared with larger grain size. Based on the
J–E measurements, time-zero dielectric breakdown
(TZBD) reliability tests were carried out at room
temperature (25�C). The cumulative failure per-
centage of 100 capacitors is presented in Fig. 17.
According to this plot, the sample oxidized at 700�C
showed the best reliability.

The barrier height, ØB of the conduction-band
edge between Si and the interfacial layer of the
oxide was extracted from a Fowler–Nordheim (FN)
tunneling model. FN tunneling (JFN) refers to flow
of electrons through a triangular potential barrier
into the conduction band of an insulator, which can
be defined as

JFN ¼ AE2 exp
�B

E

� �
; ð8Þ

where

A ¼ q3

8phUB

� �
m

mox

� �
; ð9Þ

B ¼
8p moxU

3
B

� �1=2

3qh
; ð10Þ

where h is Planck’s constant (4.135 9 10�15 eV s),
mox is the effective electron mass in the oxidized
layer, and m is the free electron mass. After
replacing all constants, A and B can be expressed as

A ¼ 1:54 � 10�6 m

mox

� �
UB½ �; ð11Þ

B ¼ 6:83 � 107 mox

m

h i
U3

B

� 	1=2
: ð12Þ

Rearranging Eq. 8, one obtains

ln
J

E2

� �
¼ �B

1

E

� �
þ lnA: ð13Þ

Figure 18 shows a linear FN plot of ln(J/E2)
versus 1/E. The gradient of the plot yields B, while
the intercept yields A. To calculate ØB, the effective
mass of the high-K oxide was assumed to be 0.3m.
The values of ØB range from 1.02 eV to 2.13 eV
(Fig. 19). The sample oxidized at 700�C possessed
the highest ØB value (2.13 eV).

CONCLUSIONS

Pure Sm metal layers sputtered on Si substrates
were oxidized by a thermal oxidation process in
oxygen ambient at various temperatures (600�C to
900�C) for 15 min. The existence of polycrystalline
Sm2O3 and semipolycrystalline interfacial layers
was confirmed by XRD, Raman, and EDX results, as
also supported by FTIR results indicating broaden-
ing and/or shifting of Sm–O and Si–Si bonding
peaks. Based on these results, a physical model is
suggested. The Sm2O3 crystallite sizes calculated
based on the W–H plot and Scherrer equation
exhibited similar trends, increasing with oxidation
temperature. The sample oxidized at 700�C had the
thinnest interfacial layer and thickest Sm2O3 layer
as measured from HRTEM images. It also had the
smoothest surface, which gave the highest break-
down voltage field and lowest leakage current
density compared with other samples with higher
RMS thickness values. Moreover, its barrier height
was also the highest among the investigated
samples.

Fig. 18. FN tunneling linear regression plot of ln(J/E2) versus 1/E for
samples oxidized at various temperatures (600�C to 900�C).

Fig. 19. Barrier height values as function of oxidation temperature
(600�C to 900�C).
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