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ABSTRACT

This study presents comprehensive results on the structural modifications of Er,O3/n-Si hetero-structures under post-deposition annealing (PDA) and the effects of
these changes on the electrical characteristics of the Al/Er,03/n-Si/Al MOS capacitors. The EryOs films were grown on n-Si substrate with RF magnetron sputtering
and annealed under nitrogen at RT, 300 °C, 500 °C, 600 °C, 700 °C. The increasing grain size of the films up to 300 °C did not show a significant change in other
annealing temperatures. The erbium silicate content in the RT and 600 °C-Er,Os/n-Si interface is quite higher than those of 500 °C and 700 °C, while a silicate-like
layer was not found at 300 °C. The highest dielectric constant (¢) value was obtained from the 500 °C-Er,Os MOS capacitor due to the lowest oxygen deficient bond
content. It was found that Qs values tend to increase as the oxygen concentration decreases in the film. It was determined that Er-Er oxygen deficient bonds may
have acted as negative charge trap centers. Although the Er-M content in the 700 °C-ErpO3/n-Si is higher than that of 500 °C, lower Q. values were obtained from
the 700 °C-Ery03 MOS capacitor due to the higher Si-Si oxygen deficient bond content, which is most likely act as a positive charge trap center. It was concluded that
the contributions of oxide trap and interface trap charges should be evaluated together in establishing a link between electrical characteristics and structural analyses.

1. Introduction

Many researches have been carried out for the use of high-k oxides as
gate dielectrics with the aims of obtaining small sized CMOS, improving
the sensitivity of pMOS dosimeters to low doses in recent years [1-4].
The rare earth oxides (REO) are widely used for some reasons such as
high effective atomic number (Z.), high thermal stability with Si,
excellent chemical properties, large band gap and conduction band
offset, etc. [5-7]. The most important disadvantage of rare earth oxides
is that their water vapour absorption properties (hygroscopic nature) are
high, which can lead to decreased device reliability/degradation of
electrical properties [8]. Especially hydrogen-related defects, which can
act as a negative charge trap center, worsen the sensitivity of the radi-
ation sensors as they cause undesirable shifts in the threshold voltage
[9]. On the other hand, it is known that the oxygen deficient bond
content is generally high in the rare earth oxides [8,10]. The thermal
annealing is a widely used to reduce hydroxyl content and treat defect
centers. However, this method brings some obstacles: i) some of the
defects can turn into neutral electron trap centers without permanent
treatment [11-13]. ii) Silicate-like interfacial layer can form during the
annealing process, resulting in losses in the film’s dielectric properties

[14]. iii) There are studies showing that the leakage current is lower in
the device with amorphous films compared to crystalline ones [15-17].
However, there is also research showing that the leakage current de-
creases with increasing grain size [18]. It is reported that the probability
of formation of silicate during the post-deposition annealing (PDA) at
the oxide/n-Si interface formed with Erbium (III) oxide (Er,O3) is lower
compared to other rare earth oxides such as LayO3, GdyO3 [6]. The ra-
diation response of 500 °C-EryO3 MOS capacitor was analysed in our
previous study [19], and it was found that negative charges in the dose
range of 4-16 Gy and positive charges in the dose range of 16-76 Gy
were dominantly trapped in the structure. Determining which defect
centers/defective bonds are formed after production and which loads
are heavily trapped is critical for resolving these unstable behaviours
observed in device performance. On the other hand, what kind of
changes the annealing causes in the structure and their effect on the
electrical properties should be determined in detail.

Kaya and Yilmaz [20] tried to link the electrical characteristics of the
EryO3 MOS capacitor with the XPS (X-ray photoelectron spectroscopy)
data taken from the Er,Os/p-Si interface and reported that the reduced
oxygen concentration with irradiation compared to Er was associated
with positive charge traps. Kahraman et al. [21] examined the effects of
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PDA on the structural properties of the Yby,O3/n-Si by taking the XPS
spectra from both the film and the interface, and established a relation
between the structural modifications and electrical properties. The ob-
tained results revealed that in order to establish a strong link between
the structural analyses and electrical characteristics, the structural
properties of the oxide as well as interface should be examined in detail.

The aims of this study are: i) Determination of structural modifica-
tions of EryO3/n-Si hetero-structures annealed at different temperatures
by XRD (X-ray Diffraction) and XPS techniques, ii) Investigation of
electrical properties of MOS capacitors produced with EryOs films
annealed at RT (room temperature)-700 °C under nitrogen ambient, iii)
Linking structural analysis with electrical results. To the best of our
knowledge, for the first time, a relationship was established between the
structural and electrical characteristics by considering the oxide and
interface bond properties for the Er,03/n-Si MOS structure in this study.

2. Experimental

The Ery03 thin films were deposited on 6 inch n-type Si (100) sub-
strate by RF magnetron sputtering system. Possible contamination on
the wafer was removed following the RCA cleaning procedure. After the
nitrogen-dried wafer and the EryOs target (the purity of 99.9%) were
placed inside the vacuum chamber, the system pressure was reduced to
6 x 107* Pa. The plasma was ensured with the argon gas with the
pressure of 1 Pa and flow rate of 16 sccm. After the system was operated
at 300 W for 1 h to remove the possible contamination on the target, the
shutters on the wafer were opened and the film deposition was carried
out for 18 min. The thickness of thin films measured in the wavelength
range of 400-840 nm by Angstrom Sun Spectroscopic Reflectometer was
found around 118 nm. A part of the 6 inch Er,O3/n-Si structure was
separated and the remaining part was divided into four parts, which
were annealed at 300 °C, 500 °C, 600 °C, 700 °C in nitrogen ambient.

The XPS spectra of the Er,O3/n-Si structures were taken with Phys-
ical Electronics PHI 5000 VersaProbe (Monochromatic Al Ka X-ray
radioactive source-1486.6 eV) at Middle East Technical University. The
film etching was conducted with the Ar*-1 keV sputtering. All spectra
were corrected with reference to C 1s-284.8 eV. The XPS spectra were
deconvoluted to G-L (Gaussian-Lorentzian) functions by using XPSPEAK
4.1 software [22]. The Lorentzian:Gaussian ratio for the oxide was lower
than 20:80 [23].

Metal contacts of EryOs3 MOS capacitors were formed with DC
magnetron sputtering system using Al target with the purity of 99.99%.
A shadow mask with a diameter of 1.5 mm was used to create the front
metal electrodes. The back of the Si wafer was completely covered with
Al to prevent possible signal losses. The electrical characteristics of the
device were measured with HIOKI-LCR meter at six different
frequencies.

3. Results and discussion
3.1. Structural analyses

The XRD spectra of the 118 nm-thick Er,O3/n-Si hetero-structures
taken in the diffraction angle range (20) of 20°-80° were given in
Fig. 1. Due to the dominant Si peak observed at around 70° and no peak
between 66°-80°, this part of the spectrum was not included in the
figure. The planes in the spectra and phases of the films were determined
by reference to the International Center for Diffraction Data (ICDD). The
data complied with the cubic phase of Er,O3 determined by card no:
76-0159. Only the peak representing the reflection from the plane (222)
was observed in the RT-Er,O3/n-Si hetero-structure, while the peaks of
the (400), (440) and (622) were appeared with increasing annealing
temperature in the spectra. No peaks indicating the any impurity were
found in the all of the spectra. The grain sizes were calculated from the
well-known Scherrer’s expression [24] and the values were given in
Table 1. While the lowest grain size was observed in the RT-EryO3/n-Si
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Fig. 1. XRD spectra of the Er,03/Si structures annealed at RT, 300 °C, 500 °C,
600 °C, 700 °C.

Table 1
Grain sizes and oxygen deficient bond contents at the interface.

Annealing Grain size Er-O-Er Er-O-Si Si-O Er-Si Si-Si
Temp. (°C) (nm) (%) (%) (%) (%) (%)
RT 18.7 50 25 25 36 64
300 24.0 100 - - - -
500 22.5 93 3 4 - -
600 24.2 50 29 21 26 74
700 22.5 91 4 5 - -

structure, the values obtained in the annealing temperature range of
300 °C-700 °C were found quite close to each other.

The Si 2p, Er 4d, O 1s and C 1s XPS depth profiles were taken from
the surfaces and eight different depths of the Er,Os/n-Si hetero-
structures annealed at RT, 300 °C, 500 °C, 600 °C, 700 °C to investi-
gate the chemical composition and bond properties. Since the amount of
carbon is high on the surface of thin films, XPS data taken from this
region was not used. No carbon or impurities were found in other layers
of the films. The binding energy peaks of the Si 2p and Er MVV Auger
electrons overlap in the Si 2p XPS spectrum of an Er-based oxide. The Si
2p, Er 4d and O 1s spectra taken from the annealed Er,O3/n-Si at RT,
300 °C, 500 °C, 600 °C and 700 °C are similar. Therefore, typical XPS
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Fig. 2. Typical XPS spectra of the Si 2p, Er 4d and O 1s.
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spectra were given in Fig. 2. The effect of Er MVV Auger electrons on Si
2p is evident, resulting in the observation of the Si in the atomic con-
centration data of the film. An Er,0j3 film is expected to consist of 40% Er
and 60% oxygen atoms.

The depth-dependent oxygen atomic concentration (A.C.) is shown
in Fig. 3. After the sputtering time exceeded 36 min, the oxygen con-
centration in the next layer has changed around 1%, indicating that the
film was completely etched and reached to Si wafer. The oxygen con-
centration is below 60% for all annealing conditions, indicating the
presence of the Er-Er, Er-Si and Si-Si oxygen deficient bonds and for-
mation of non-stoichiometric film. Some bonds may be broken under
any external influence such as annealing or irradiation, and as a result
elements such as N, O can be separated from the structure in gas form
[25,26].

On the other hand, atomic concentrations may also be related to the
uniformity of the film grown on a 6-inch wafer. The O concentration in
the film can be given as 500 °C>700 °C > RT>300 °C>600 °C in
descending order depending on the annealing temperature. The possible
reason of the observation of the lowest O concentration at 600 °C is that
the oxygen separates in gas form and does not re-join the bond. Identi-
fying the content of these defects in each sample can help establish a link
between structural and electrical characteristics. Fig. 4 shows typical Er
4d spectra taken from the film and the interface. The spectra taken from
the films annealed at 300 °C, 500 °C, 600 °C, 700 °C are deconvoluted
into two G-L functions, which are Er-Er and Er-O peaks centered at
~166.7 eV and ~168.9 eV, respectively (Fig. 4a) [8,27,28]. A third peak
was added to the XPS spectra from the EryOs film annealed at room
temperature, which is attributed to Er(OH)y centered at 167.72 eV
(Fig. 4b) [8,29]. The lowest energy peak is assigned to Er-M (Er-Er and
Er-Si bonds) at the interface for 300 °C, 500 °C, 600 °C, 700 °C, while the
medium and highest energy peaks represent the Er-O and Er-O-Si bonds,
respectively (Fig. 4c) [28,30,31]. It was not possible to separate the
peaks assigned to hydroxyl species and silicate from each other, because
the binding energies are very close to each other. The RT-interface may
contain the ErSi(OH)y. The Er-M/T ratio was obtained by dividing the
Er-M peak area into the total area of the spectrum. The depth-dependent
Er-M/T variation was given in Fig. 5. It can be said that the lowest Er-M
values are obtained from the 500 °C-Er,03/n-Si hetero-structure. The O
1s spectra taken from the RT-Er,O3/n-Si are deconvoluted into two G-L
functions. The peaks centered at ~527.7 eV and ~530.1 eV are assigned
to the oxygen in the lattice (O,) and bonded oxygen species (Op) such as
oxygen defects, hydroxyl groups, respectively (Fig. 6a) [8,28,29,32].
The Op/T ratio was calculated by dividing the O, peak area by the total
area of the spectrum. The content of bonded oxygen species ranging
from 8% to 13% were found in the RT-EryO3/n-Si. The O 1s XPS spectra
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Fig. 3. Depth-dependent oxygen atomic concentration (A.C.).
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Fig. 5. Depth-dependent Er-M/T ratios.

taken from the ErpOs/n-Si interface for all annealing conditions are
deconvoluted into three G-L functions. The low, medium and high en-
ergy peaks represent the Er-O-Er, and Er-O-Si and Si-O, respectively
(Fig. 6b) [8,28,29,32]. The bonded oxygen species were not found in
structures annealed at other temperatures except RT. Therefore, the
peak attributed to Si-O at the interface in RT also includes the bonded
oxygen types. The erbium silicate content at the interfaces was deter-
mined by dividing the area of the representing Er-O-Si to the total area of
the O 1s spectrum (Table 1). While the erbium silicate content for RT
and 600 °C is around 25% and 29%, respectively, the Er-O-Si content is
lower than 5% in other Er,O3/n-Si interfaces annealed at 500 °C and
700 °C. The intensity of the silicate peak is quite weak at 300 °C. O 1s
spectra taken from other layers of the films annealed at 300 °C, 500 °C,
600 °C, 700 °C were deconvoluted into a single peak attributed to
Er-O-Er bond (Fig. 6¢).

A typical Si 2p spectrum for the RT and 600 °C-interface was given in
Fig. 7. The low and high energy peaks in the Si 2p spectra represent the
Er-Si and Si-Si oxygen deficient bonds, respectively [31]. The Er-Si and
Si-Si contents determined based on the peak areas were given in Table 1.
Si 2p signal intensity is at a level that would not make it possible to make
a healthy fit at 500 °C and 700 °C. However, the Si-Si signal intensity at
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Fig. 7. Typical Si 2p spectra for the RT and 600 °C-interface.

the 700 °C is slightly higher than that of 500 °C.

Er-O-Er peaks in the Er 4d and O 1s spectra were taken as reference
and the change in binding energies (B.E.) depending on depth was
determined as shown in Fig. 8. Kao et al. [28] reported that the increase
in binding energy in the Er 4d and O 1s spectra is associated with the
preference of oxygen atoms to bond with Er atoms. On the other hand, it
was mentioned in the same study that the increase in signal intensities is
related to the development of the crystal properties of the film. The
highest binding energy values in both Er 4d and O 1s spectra were
observed in the annealed structure at 500 °C, which is compatible with
the fact that the structure contains a higher rate of oxygen atoms than

the annealed EryO3/n-Si at other annealing temperatures. The lowest Er
4d and O 1s signal intensities were obtained from the RT-Erp,Os3/n-Si
structure, which is consistent with the grain size values calculated from
the XRD spectra (Fig. 9). The signal intensity of Er 4d was close to each
other at 300 °C, 500 °C, 600 °C, 700 °C. The signal strength of O 1s
exhibited a similar behaviour other than 300 °C. These results show that
the crystal structure improves with the annealing temperature of 300 °C,
which is compatible with the grain size data. In general, as the Si layer is
approached, an increase in spectrum binding energies can be observed,
which is related to the high electronegativity of Si compared to Er [28,
33]. On the other hand, the defect density also affects the binding
energy.

3.2. Electrical characteristics

The corrected capacitance-voltage (C-V) and conductance-voltage
(G/®»-V) characteristics of the RT, 300 °C, 500 °C, 600 °C, 700 °C-
EryO3 MOS capacitors were obtained after the series resistance (R;)
correction detailed in Ref. [34] was applied to the measured data. The
accumulation-region R; values were given in Table 2. Decreasing R;
values with frequency are between 30 and 42 Q for 50 kHz and 8-20 Q
for 1 MHz. The series resistance values for 500 °C-Er,O3 p-MOS pro-
duced with RF-magnetron sputtering were found in the range of 59 (50
kHz)-245 (1 MHz) Q by Morkoc et al. [35] The relatively lower R, values
in this study are indicative of low signal losses during measurement. The
R values are similar to the data obtained from Yb;03 n-MOS capacitor
[21].

The C-V characteristics of the ErsO3 MOS capacitors taken in the
range of -10 - 15 V are given in Fig. 10. The electrical properties of a
MOS capacitor are affected from many parameters such as oxide/Si
interface, oxide-interface trap densities, external bias, etc. The border
traps and interface states that can exhibit frequency-dependent behav-
iour and are located very close to the interface may contribute to the
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measured capacitance [34]. On the other hand, flat band voltage (Vp)
deviates from its ideal value due to trap charges within the structure.
The effective oxide charge density (Q.) is given with below expression
[36]:

Cm (Wm: - Vfb)

A @

Qg =

where C, is the oxide capacitance, W, the metal-semiconductor work
function, q is the electric charge and A is the capacitor area (1.767 x
1072 cm™2). The Q. values of the EroO3 MOS capacitors were given in
Fig. 11. Negative charges are trapped more in the oxide layer than
positives in all MOS capacitors. The Q. values can be given in
descending order as RT>300 °C>600 °C>500 °C>700 °C. The Q.
varied from —4.9 x 10" em™2 to - —31.6 x 10'! cm™2. Obtaining the
lowest Er-M content at 500 °C indicates that the lowest Q. values will
also be observed in this sample. However, a slightly higher Si-Si content
at 700 °C shifted the flat band voltage to lower negative values, resulting
in lower Qe values. Q. values did not show great variation depending
on frequency at annealing temperatures of 300 °C, 500 °C, 700 °C
compared to RT and 600 °C. These results may indicate that the effect of
border traps on the electrical characteristics at these annealing tem-
peratures is more limited with respect to RT and 600 °C. The interface
trap charge density (N;) was calculated from the following formula
based on the single frequency approximation [37]:

2 Gma,\ / ®

N, =—
Rz AN o)’
prond) B it o

where o is the angular frequency, Gmqy is the maximum conductance
given in Table 2, and C,, is the capacitance corresponding to maximum
conductance. The N; values ranged from 2.6 X 10'1-28.0 x 10"

(2)

eV 'em ™2 and given in Fig. 12. The interface state density was found to
be in the range of 8.46 x 10'1711.0 x 10" eV ~lem 2 for 500 °C-Ery03/
p-Si [35]. The N;; values were found to be lower for the same annealing
temperature in this study, which means that the formation of the
interface is better controlled during the production process. The inter-
face trap density decreases continuously with increasing A.C. voltage
frequency in the SiO; based devices because these states can not find
enough time to follow the signal [38]. N; values can be given in
descending order as RT>300 °C>500 °C>600 °C>700 °C and tend to
decrease with increasing annealing temperature. It can be said that the
interface state density fluctuates depending on frequency. Although the
frequency-dependent change in the N; values for RT is larger compared
to other annealing temperature, it is not to the extent that it can lead to
large differences between the measured/corrected accumulation-region
capacitances. N; values can be said to be almost constant for the
annealing temperatures of 300 °C, 500 °C, 600 °C, 700 °C. The fact that
Nj; values do not decrease continuously with increasing frequency may
be related to the lifetimes of the states. The relaxation time being close to
each other may result in no significant change depending on the fre-
quency. Although the interface state density is high for RT, no defor-
mation was observed in the accumulation, depletion and inversion
regions of the C-V curve (Fig. 10a). The inversion-region capacitance
decreased with increasing negative voltage due to deep depletion for the
300 °C-ErpO3 MOS capacitor. The inversion regions of the 500 °C,
600 °C, 700 °C-EroO3 MOS capacitors degraded due to the
frequency-dependent charges. It can be said that the inversion-region
capacitance values tend to decrease with increasing frequency. There
are deformations in the depletion and inversion regions of the
500 °C-EryO3 based device due to the oxide and interface traps
(Fig. 10¢).

The dielectric constant values (¢) were calculated from the well-
known expression, ¢ = Cy,d/e,A, and the values were given in
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Table 2
Electrical parameters of the Er,O3 MOS capacitor.
Temp. Freq. R, € Grnax pp(eV) Ny x 10  Ep
Qo] (kHz) ©@ () (em™) (eV)
RT 50 42 153 1.68x  0.48 10.0 0.201
1074
100 35 151  3.24 x 1.17 11.0 0.198
107*
250 27 15.0  7.70 x 1.83 11.9 0.196
107
500 25 14.9  1.40 x 1.05 10.3 0.200
1072
750 21 148 1.94x 285 12.2 0.196
1073
1000 20 148 236x  3.16 10.4 0.200
1073
300 50 30 102 358 x  3.29 16.3 0.188
10°°
100 23 101 7.11x  3.40 16.4 0.188
10°°
250 17 101 1.85x  3.32 16.1 0.189
1074
500 16 101  3.46 x  3.65 16.2 0.188
10°*
750 14 101 498 x  3.61 16.1 0.189
1074
1000 14 101 6.90x  3.16 16.3 0.188
107*
500 50 36 17.4  1.08 x 1.21 20.2 0.183
107
100 25 171 1.77 x 1.21 16.6 0.188
107*
250 15 16.9  4.14 x 1.30 11.8 0.196
107
500 12 16.8  7.13 x 1.20 10.7 0.199
1074
750 10 16.9  1.00 x 1.24 10.0 0.201
1073
1000 8 17.2 1.27 x 1.17 11.2 0.198
1073
600 50 40 13.4 349x 071 2.4 0.237
10°°
100 32 13.2  1.03 x 1.65 2.7 0.233
1074
250 23 131 2.64 x 1.76 2.7 0.234
1074
500 20 131 4.92 x 1.90 2.9 0.232
10°*
750 18 131 7.03x 207 3.0 0.231
107
1000 17 133 869 x 259 3.5 0.227
107*
700 50 39 149 395x  0.46 4.3 0.222
10°°
100 29 147 835x  0.37 4.4 0.222
107°
250 19 146 233x  0.36 3.9 0.224
107*
500 15 145 4.65x  0.32 3.9 0.224
107
750 14 146 7.08x  0.33 3.7 0.225
1074
1000 11 148 1.10x  0.35 3.7 0.226
1073

Table 2. The dielectric constant of RT-Er,O3 film was found higher than
other annealing temperatures except 500 °C. The two most possible of
this condition are: i) RT-Er,Os3 film contains the hydroxyl species, and
the permittivity of the water molecules is high (¢ = for 20 °C). ii) The
interface states may contribute to the measured capacitance. However,
the high erbium silicate content observed at the interface may have
caused a decrease in the dielectric constant at RT and 600 °C-Ery03. The
lowest dielectric constant was obtained from the 300 °C-Er;O3 MOS
capacitor, which is likely due to the high Er-M content (Fig. 5).
Observing the lowest oxygen deficient bond content at both the interface
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and the oxide layer at 500 °C may have achieved the highest dielectric
constant from this annealing temperature. The dielectric constant for the
Ery0s3 film has been reported in the range of 10.1-14.4 in various studies
[6,8,39-43]. The values varied from 10.1 to 17.4 in this study are
compatible with literature.

The barrier height (¢g) is an important parameter that indicates
which acceptor-like or donor-type interface states are more effective on
the electrical characteristics. A MOS capacitor can be considered as a
parallel plate capacitor, which has dielectric between the two conduc-
tors. Thus, dopant concentration (Ny), Fermi energy level (Er) and
barrier height (¢;) parameters can be determined from C™2-V charac-
teristics. The depletion-region capacitance (Cgep) is expressed as follows
[44]:

1 2(Vyi + V)

L2t V) 3
G, aNae A2 @)

where ¢; is the semiconductor dielectric constant, V is the gate voltage,
and Vj; is the built-in potential, defined by the point at which the linear
parts of the C™2-V curves intersect the voltage axis (Fig. 13). Ny is found
from the slope of line (S):

2

__c 4
qN,4€,A? @

The image charges-induced potential causes the decreasing in the
barrier height expressed as follows:

P 12
Ag, = {47::)} %)

where épmgy is the maximum electric field. The barrier height is given
with

wB:vm@wpwab:vbi+ﬂ+@1n(&)fAcob ©
q q q Ny

[44-46]. Increasing barrier height in an n-type semiconductor in-
dicates that acceptor-like interface states are more effective in electrical
parameters than donor-like interface states. While the donor-like inter-
face states move the flat band voltage to larger negative voltages, the
acceptor-like interface states shifts to larges positive voltages. The
frequency-dependent change of the barrier height is similar for RT and
300 °C-Er,O3 MOS capacitor. The ¢, values of RT, 300 °C and
500 °C-EroO3 MOS devices do not show a continuous increase or
decrease, pointing out that the superiority of the acceptor-like and
donor-like interface states relative to each other changes continuously
depending on the frequency. The acceptor-like interface states have
been superior to those of donor-like with the increasing frequency in the
600 °C-Ery0O3 MOS capacitor, and the ¢, has increased continuously. The
barrier height has been continuously decreased up to 50 kHz and
increased after this frequency in the 700 °C-Er,O3 MOS capacitor. The
donor-like interface states in the low frequency region (<500 kHz), and
the acceptor-like interface states in the high frequency region played an
effective role on the electrical characteristics. While the highest ¢,
values are observed at 300 °C-Er,O3 MOS capacitor, 700 °C-Er,O3 based
device has the lowest values.

3.3. Relationship between structural properties and electrical
characteristics

The binding energies of the Er 4d spectra taken from the RT and
300 °C-Ery03/n-Si are quite close to each other (Fig. 8a). These results
are an indication that oxygen prefers to bond in the films at a similar rate
at both annealing temperature. The binding energy of Er 4d at the
EryO3/n-Si interface for RT is higher than that of 300 °C. The erbium
silicate content at the RT-Er,O3/n-Si interface is ~25% and higher than
300 °C. Since the electronegativity of Si (yg;=1.9) is higher than that of
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Fig. 10. C-V characteristics of the Er,O3 MOS capacitors: a) RT, b) 300 °C, ¢) 500 °C, d) 600 °C, e) 700 °C.

Er (y5 = 1.24), Er 4d binding energy in RT may have shifted to higher
values compared to 300 °C [33]. Similar situation is valid for the binding
energies of O 1s spectra taken from the interface (36 min) at RT and
300 °C. The oxygen atomic concentration in the film for 300 °C is lower
than that of RT, resulting in higher Er-Er oxygen deficient bond content
in the 300 °C-Er,0s film. The results in Fig. 5 support this interpretation.
The binding energy of the Er-O-Er peak in Er 4d spectra in both RT and
300 °C was almost at a constant value depending on depth up to inter-
face. These results show that the bonding ratio between O and Er does
not change much, in layers (12-32 min) in the film. The decrease in
oxygen concentration can be associated with the increase in Q. values
as can be seen from the results in Figs. 3 and 11. Although the oxygen
concentration is higher in the film for RT compared to 300 °C and
600 °C, the reason for the highest Q. values observed at this annealing
temperature may be the difference of the structural property of the

interface and hydroxyl species observed in the structure. Oxygen con-
tent at 300 °C-Er,Os/n-Si interface is more than those of RT and
600 °C-Ero03/n-Si interfaces (Fig. 3). No erbium silicate formation
occurred at the 300 °C-EryOs/n-Si interface. The oxygen formed the
Er-O-M, Er-O, Si-O and —-OH bonds in the film and interface of RT-Ery.
O3/n-Si  structure. Therefore, there are more Er-Er, Er-Si and
hydrogen-related defects in RT-interface compared to that of 300 °C.
These defective bonds may cause the flat band voltage to shift to larger
positive values. Production-origin Er-Er, Er-Si oxygen deficient bonds
and hydrogen based bonds may act as negative charge trap centers [9].

The highest oxygen content was obtained from the 500 °C-EryO3/n-
Si structure. Therefore, it is expected that there will be less Er-M oxygen
deficient bond content in this structure compared to the others, and the
data in Fig. 5 support this interpretation. The binding energy of the Er 4d
spectrum at 500 °C tends to increase with increasing depth due to
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oxygen bonding to Er atoms. Erbium silicate formation at the 500 °C-
Er,03/n-Si interface is around 3%. 500 °C-Er»Os3/n-Si structure may
contain less Er-M oxygen deficient bonds compared to RT, 300 °C,
600 °C, resulting in lower Q. values in 500 °C-Er,O3 MOS capacitor.
As seen from Fig. 8a, the binding energy of the Er 4d spectrum in the
structure of 600 °C-Er,0O3/n-Si decreased slightly compared to that of
500 °C. Therefore, it can be said that Er-O bonding at 600 °C is less
compared to 500 °C, which is supported by the results given in Fig. 5.
Although the content of Er-M at 600 °C in the first four layers (12-24
min) was lower compared to the structure annealed at RT and 300 °C, it
increased significantly afterwards (Fig. 5). The average Er-Er content is
slightly lower at 600 °C (0.179) compared to 300 °C (0.191) within the
film, resulting in less Q. value in three layers of the 600 °C-Er,03/n-Si
(12-20 min). It is seen from the O 1s spectra results obtained from the RT
and 600 °C interfaces that the erbium silicate content is higher at 600 °C,
although the Er-O-Er content is the same at these annealing tempera-
tures (Table 1). The reader should remember here that the lowest oxy-
gen concentration at the interface is at 600 °C. These results show that
there are more Si-Si, Er-Si, Er-Er deficient bonds at 600 °C-EryO3/n-Si
interface compared to that of RT. As seen in Fig. 5, the content of Er-M is
higher in the interface at 600 °C compared to RT. The Er-Si content is
lower at 600 °C-Er,O3/n-Si interface compared to that of RT, resulting in
higher Er-Er content at 600 °C with respect to RT. On the other hand, Si-
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Si content, which can act as positive charge trap center, is also higher at
600 °C compared to RT (Table 1). Si-Si oxygen deficient bonds at 600 °C
are may play a dominant role on electrical characteristics compared to
Er-Er, which likely acts as a negative load trap center. The more positive
charge traps and lack of the hydrogen based defects in the 600 °C-Er,03/
n-Si with respect to RT-EryO3/n-Si provide the less Q. value.

The oxygen atomic concentration at 700 °C is higher than all
annealing temperatures except 500 °C. For this reason, the content of Er-
M was generally lower than other annealing temperatures other than
500 °C, which may be related to the interface formation. The Si atomic
concentration at interface is very low in both samples, resulting in low
signal intensity. Therefore, it will not be healthy to separate Er-Si and Si-
Si bonds in Si 2p spectra taken from the interfaces. However, the in-
tensity of the Si 2p at the interface is slightly higher at 700 °C than
500 °C. This indicates that the Er-Si and/or Si-Si oxygen deficient bonds
at the interface are higher at 700 °C than at 500 °C. The slightly more
positive charge trap centers at the interface may have shifted the flat
band voltage to larger negative voltages, leading to lower Q. values.
Although more oxygen deficient bonds are observed in the oxide at
700 °C compared to 500 °C, that the interface traps play a more effective
role on the electrical characteristics compared to the oxide trap charges
enabled the flat band voltage to be observed at lower values compared to
all other annealing temperatures.

4. Conclusion

The structural modifications of the EryO3 films grown on n-type Si
substrate under different annealing temperatures are investigated in
detail and a connection is established between the changes and electrical
characteristics in this study. The lowest particle size value was obtained
from the RT-ErpOs3 film, while it received similar values in the
300 °C-700 °C temperature range. The bonded oxygen species was only
observed in the RT-Ery03/n-Si structure. The erbium silicate contents in
the interface of the RT and 600 °C-EryO3/n-Si structures were found to
be higher than the others. No erbium silicate formation was observed at
the 300 °C-Ero03/n-Si interface. That the signal intensity of the Er 4d
spectrum increased with the annealing temperature of 300 °C and the
almost constant values were observed with increasing temperature
mean that the crystallization improved with 300 °C and did not show a
big change with increasing annealing temperature. These XPS results are
consistent with XRD data. No major differences were observed between
the measured and corrected capacitance values due to the low series
resistance values. The highest dielectric constant value was obtained
from the 500 °C-ErpOg3 structure due to possible reason of the lowest
content of the oxygen deficient bond. It has been found that Q. values
tend to increase with decreasing oxygen concentration. Therefore, it was
concluded that the production-origin Er-Er oxygen deficient bonds may
act as negative charge trap center. It was found that it is not possible to
interpret the Q. values by only determining the oxygen deficient bond
contents in the oxide layer, because it was concluded that Er-Er and Si-Si
oxygen deficient bonds formed in the interface play a very effective role
on the electrical characteristics in many cases. It was not possible to
reach a general judgment that Er-Si defective bonds most likely behave
like a negative or positive charge trap center with the results of this
study.

It is a very interesting result that the electrical characteristics dete-
riorate as the Q. and N;; decrease. These results indicate that the defects
are not permanently repaired with annealing. On the other hand, the
leakage current in the devices produced with amorphous films may be
lower than those fabricated with the crystallized films. The opposite may
also be the case. Although the thickness used in the study is not enough
to cause a problem in terms of leakage current, this disadvantage is the
reason for the negative effects of annealing on electrical characteristics.
Further studies should be directed at reducing defect concentrations at
low annealing temperatures. For this purpose, it is important to examine
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the annealing at low temperatures under oxygen in detail.
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