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Abstract A study on the growth, structure and electrical

properties of Nd2O3 was carried out experimentally on RF

sputtered thin film on Si followed by thermal oxidation at

700 �C at different oxidation durations (5, 10, 15 and

20 min). The structural and chemical properties were

studied by X-ray diffraction analysis, Fourier transform

infrared analysis, Raman analysis and high resolution

transmission electron microscopy analysis. The formation

of cubic-Nd2O3, orthorhombic-Nd2Si2O7, monoclinic-

SiO2, tetragonal-SiO2 and hexagonal-SiO2 was detected.

A single interfacial layer was detected for the sample

oxidized at 15 min and double interfacial layers were

detected for the samples oxidized at 5, 10 and 20 min.

The sample oxidized at 15 min possessed the best elec-

trical properties which were attributed by the highest

Nd2O3 intensity, largest SiO2 crystallite structure, thinnest

interfacial and oxide layer, highest barrier height, lowest

effective oxide charges, slow trap density and average

interface trap density.

1 Introduction

Silicon dioxide (SiO2) has been utilized as a gate dielectric

of field effect transistor [1]. It has good micro-processing

capability, high dielectric breakdown, as well as thermal

and electrical stability which have led to its survival so far.

Technology demand limits the usage of SiO2, where the

leakage current is too high as its get thinner [2]. But, the

effort of downscaling is necessary to continue Moore’s law

[3]. Thus, an alternative material is essential to replace

SiO2. The alternative thin material must be able to produce

the same capacitance as SiO2, at thicker layers [4].

A high dielectric constant (k) material will be a potential

candidate to replace SiO2. This material should be able to

maintain high dielectric capacitance, while restraining gate

leakage currents which is necessary for downscaled devices

[5]. Several oxides have been investigated for the

replacement. Initially, researchers focused on transition

metals such as zirconium dioxide (ZrO2) [6–8], hafnium

dioxide (HfO2) [8–11], tantalum pentoxide (Ta2O5) [12]

and titanium dioxide (TiO2) [8]. Common problems, faced

by these high—k oxides, are formation of interfacial layer,

micro-crystallization formation and phase separation,

development of fixed charges within film and high density

of interface states. These factors contribute to degradation

of the electrical properties. However, properties of HfO2

were improvised with nitrogen-doped Hf silicate. Never-

theless, the problem rises as it produces film with lower

k value formation of interfacial layer with more than

10 nm. Additionally, this film is also difficult to scale for

equivalent oxide thickness below 1 nm [13].

In recent years, researchers are focusing on rare earth

oxides (REO) due to their excellent properties compared to

other classes of materials. They possess a large band gap

(4–6 eV), high resistivity (1012–1015 Xcm), high
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crystallization temperatures, high relative permittivity

(7–20), thermodynamic stability and most importantly have

a high k value (7–20) [2, 4, 7, 14]. Additionally, a large

bandgap produces deeper trapping levels for electron

injected form substrates. Hence, this reduces the proba-

bility of back tunneling [15]. Even though the hygroscopic

behaviors might form a hydroxide layer, there are some

REOs such as lanthanum oxide (La2O3) and ytterbium(III)

oxide (Yb2O3) which inhibit the formation of silica and

silicide. At the same time, gadolinium(III) oxide (Gd2O3)

stays chemically and electrically stable during annealing at

a high temperature (850 �C) [16–18].
Neodymium oxide (Nd2O3) is one of the potential can-

didates from REO to replace SiO2. It has a high k value

(10–15), a large band gap of 5.8 eV and good lattice

matching with Si. It is also thermodynamically stable when

it comes in contact with Si, has good insulating properties

and has the appropriate conduction band offset with Si

which makes it suitable for microelectronic applications

[19]. Moreover, there were no hydroxide layers or

hydroxide elements found in any previous studies. So far,

the oxide has been studied using various deposition

methods such as atomic layer deposition (ALD) [20, 21],

metalorganic chemical vapor deposition (MOCVD) [22],

electron beam epitaxy (EBE) [4, 23] and reactive radio

frequency (RF) sputtering [24, 25]. Each of these methods

produced different results in terms of chemical, physical

and electrical properties. These properties are strongly

dependent on the precursor used, the growth cycle, the

growth temperature and the growth ambient.

As reported earlier, it is important for an oxide to pos-

sess a Gibbs free energy (DG) of more than 0 kcal/mole

when it comes in contact with Si, in order to prevent the

formation of SiO2 [12]. The calculated DG for SiO2 and Nd

silicide (NdSi) at 1000 K (727 �C) is as follows:

Siþ NdOx ! Ndþ SiO2 ðDG ¼ þ101:692 kcal=molÞ
ð1Þ

Siþ NdOx ! NdSiz þ SiO2 ðDG ¼ þ76:974 kcal=molÞ
ð2Þ

The equations indicate that Nd2O3 has thermal stability

to resist the formation of SiO2 and NdSi up to 727 �C.
In our recent studies, Nd2O3 was developed using the

thermal oxidation method after the deposition of neody-

mium (Nd) by RF sputtering. This method is different

compared to other research, since they involve direct

Nd2O3 growth which is Nd sputtering in an O2 ambient

[15, 26–28]. With optimized parameters, this method may

inhibit formation of the interfacial layers, since the sub-

strate is not exposed to oxygen prior to metal deposition.

However, silicide and silicate layers may form during

oxidation at high temperatures. By considering the DG, the

temperature of 700 �C is selected to study the effects of

oxidation duration [25, 29].

2 Experimental

N-type Si(100) substrate, with a dimension of

1 cm 9 1 cm, was cleaned using the standard Radio Cor-

poration America (RCA) cleaning method before the

deposition of Nd. This was followed by dipping in

hydrofluoric acid (HF) (1 HF: 50 H2O) for 10 s to remove

the native oxide. Later, a deposition of a 10-nm Nd film

was carried out by the physical vapor deposition (PVD)

radio frequency (RF) sputtering system from Nd target

(Kurt J. Lesker, USA, 99.9% purity). The base pressure,

working pressure, RF power, distance between the sub-

strate and target, and argon gas flow rate are as follows:

1.5 9 10-3 Pa, 3.0 9 10-3 Pa, 170 W, 20 cm, and

20 cm3/min, respectively. Lastly, thermal oxidation was

carried out upon sputtered Nd on Si, in Carbolite CTF tube

furnace at 700 �C for different durations (5, 10, 15 and

20 min). The heating rate was 10 �C/min and upon

reaching the desired temperature; the samples were heated

at an oxygen gas flow rate of 150 mL/min. After they

cooled down to room temperatures, they were removed

from the furnace.

The physical and chemical properties of the films were

determined by various characterizations. The crystallinity

of the films was analyzed by a PANalytical Empyrean

X-ray diffractometer (XRD) system at diffraction angles,

2h, of 15�–90� with step time of 150 s and step size of

0.026�. Copper (Cu Ka) with wavelength (k) of

0.154056 nm was employed by the system. Chemical

functional groups were examined by Perkin Elmer Spec-

trum 400 Fourier transform infrared (FTIR) spectrometer.

Meanwhile, the Horiba Xplora One Raman spectrometer

was used to determine the chemical bonding stability and

the TECNAI G2 F20 high resolution transmission electron

microscope (HRTEM) was employed to evaluate the cross-

section analysis of the films. Prior to evaluation, platinum

(Pt) was deposited to protect the surface from bombard-

ment damage caused by focused ion beam during lamella

preparation. The chemical composition of the layers was

detected by energy dispersive X-ray (EDX) through Oxford

Instrument X-MaxN 80T SDD detector.

To proceed with current–voltage (I–V) and capacitance–

voltage (C–V) measurements, MOS capacitors with

3 9 3 lm2 area were fabricated. At first, a 100-nm of

aluminum (Al) was sputtered using TF450 PVD RF from

Al target (Kurt J. Lesker, USA, 99.9995% purity) through a

mask. Later, 100-nm Al film of Ohmic back contact was

deposited on the backside of the substrate without the

mask. The test was conducted using a BPW-800 800 probe
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station together with the Keithley 4200 semiconductor

characterization system (SCS).

3 Result and discussion

3.1 XRD

Figure 1 shows the XRD patterns of the oxidized Nd

samples at various durations (5, 10, 15 and 20 min). Two

distinct peak peaks were observed at 33.0� and 69.0�.
These peaks belong to the cubic (c)-Si (112) and c-Si (400).

The peaks were confirmed based on the Inorganic Crystal

Structure Database (ICSD) with a reference code of

98-001-6569.

Cubic (c)-Nd2O3 was detected at 68.8�, 74.9�, and 75.8�,
corresponding to (118), (257), and (257), respectively.

These peaks were confirmed based on ICSD 98-009-6204.

Multiple phases of SiO2 consisting of monoclinic (m),

hexagonal (h), and tetragonal (t) were detected. Four peaks

belonging to m-SiO2 were detected at 46.2�, 47.8�, 54.6�
and 89.4�, corresponding to (226), ð913Þ; ð5113Þ and (201).

These peaks were confirmed by ICSD 98-001-0176 and

ICSD 98-002-425. On the other hand, three peaks

belonging to h-SiO2 were detected at 69.4�, 75.3� and

75.6�, corresponding to (030), (104) and (302), respec-

tively. These peaks were confirmed based on ICSD 98-001-

6336, ICSD 98-001-6333 and ICSD 98-000-0174. In

addition, a single peak belonging to t-SiO2 was detected at

76.4�, corresponding to (040).These peaks were confirmed

based on ICSD 98-000-9327. Meanwhile, five peaks

belonging to an orthogonal (o)-Nd2Si2O7 were detected at a

diffraction angle of 55.4�, 56.3�, 61.8�, 66.5� and 67.4�,
corresponding to (216), (313), (137), (160) and (208),

respectively. These peaks were confirmed based on ICSD

98-001-6051. The findings of SiO2 and Nd2Si2O7 show the

presence of an interfacial layer between the Si substrate

and the oxide layer.

To determine the effects of oxidation duration on the

interfacial layer, the highest intensities of c-Nd2O3,

m-SiO2, h-SiO2, t-SiO2 and o-Nd2Si2O7 were investigated

as shown in Fig. 2. The plot revealed that h-SiO2 has the

highest intensity, followed by c-Nd2O3. Meanwhile, the

lowest intensity is t-SiO2. The sample was oxidized at

15 min and the highest intensity for c-Nd2O3 and o-Nd2-
Si2O7 was recorded. In addition, it showed the lowest

intensity for m-SiO2. The highest intensity of m-SiO2 and

t-SiO2 was possessed by the sample oxidized for 10 min.

Meanwhile, the sample oxidized at 20 min showed the

highest intensity for h-SiO2.

Williamson–Hall (W–H) analysis was employed to

determine the crystalline sizes and microstrains for each

element present in the XRD analysis [19, 30, 31]. Based on

Debye–Scherrer, average nanocrystallite size is:

D ¼ Kk
bD cos h

ð3Þ

where D is the crystalline size, K is the shape factor which

is a constant (0.9), k is the wavelength of Cu Ka
(0.1541 nm), bD is the peak width with half maximum

intensity and h is the peak position. The strain induced due

to distortion and crystal imperfection is given as:

e ¼ bs
4 tan h

ð4Þ

where bs is the width at half maximum intensity. Com-

bining Eqs. (1) and (2) gives rise to

bhkl ¼ bD þ bs ð5Þ

bhkl ¼
Kk

D cos h
þ 4e tan h ð6Þ

Fig. 1 XRD patterns of the oxidized Nd samples at various durations

(5, 10, 15 and 20 min)

Fig. 2 Intensities of c-Nd2O3, m-SiO2, h-SiO2, t-SiO2 and o-Nd2Si2-
O7 for Nd-oxidized samples at various durations (5, 10, 15 and

20 min)
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The rearrangement of Eq. (6) gives W–H equation as

follows,

bhkl cos h ¼ Kk
D

þ 4e sin h ð7Þ

Graph of bhkl cos h against sin h was plotted for Nd2O3,

SiO2 and Nd2Si2O7, respectively, as in Fig. 3.

From the linear fit data, D calculates from y-intercept

which is Kk
D
; and the e calculated from the slope gradient.

The method was employed to calculate D and e values of
Nd2O3, SiO2 and Nd2Si2O7, respectively. This analysis is

vital as peaks broadening are due to crystallite size. This is

caused by the finite size components diffracting incoher-

ently with respect to one another. Meanwhile, broadening

due to strain is caused by the non-uniform displacements of

the atoms with respect to their reference-lattice positions

[32]. These data provide value insight on to crystal defects

[33]. Additionally, larger grain size will reduce number of

electrical trapping site at grain boundary [34] and, thus,

result in better electrical properties. Meanwhile, micros-

train is related to grain boundary structure; as a result, it

will also affect the electrical conductivity [35]. So, at larger

grain size, the higher microstrain will be achieved. The

microstrain and crystallite size are as shown in Fig. 4.

All the samples were negative for microstrain for all the

compounds, except for the sample oxidized at 15 min for

SiO2. The samples oxidized at 5, 10 and 15 min showed

the same microstrain value and crystallite size for Nd2O3.

Additionally, the sample oxidized at 10 min showed the

lowest microstrain value for both SiO2 and Nd2Si2O7.

Meanwhile, the sample oxidized at 20 min had the lowest

microstrain value and crystallite size of Nd2O3. On the

other hand, the sample oxidized at 15 min showed the

second highest value for both characteristics.

Fig. 3 W–H plot of a Nd2O3, b SiO2, c Nd2Si2O7 for Nd oxidized

samples at various durations (5, 10, 15 and 20 min)

Fig. 4 a Microstrain, b crystallites size of Nd2O3, SiO2, and

Nd2Si2O7 for Nd oxidized samples at various durations (5, 10, 15

and 20 min)
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3.2 FTIR

The FTIR results for the samples are as shown in Fig. 5,

with a scan range of 1300 cm-1 until 400 cm-1. Si–Si

vibration mode originating from Si substrate was detected

at 613 cm-1 [36]. The peak broadens and until almost

disappears at 20 min. Vibration mode that belongs to Nd–

O was detected at 558 and 501 cm-1 [21]. Both peaks

sharpened as oxidation duration increased. Si–O–Si

asymmetric stretching mode was detected at 1204 cm-1

(refer to online resource Onl. Res. 1.) and 1041 cm-1 [37].

The peak at 1204 cm-1 broadened; meanwhile, the inten-

sity of the peak at 1041 cm-1 increased as oxidation

duration increased. The peak belonging to the rocking,

bending and stretching of Si–O was detected at 805 cm-1

[36].

The Si–O vibration mode was detected at 478 and

471 cm-1 [38, 39]. The peak of 478 cm-1 sharpened as

oxidation duration increased. Meanwhile, the peak at

471 cm-1 was only visible in the sample oxidized for

5 min. Additionally, Si–O mode was detected as Si–O–Si

and Si–O bending mode. Si–O–Si bending was detected at

456 cm-1. This peak sharpened when oxidation duration

increased from 5 to 15 min. Later, at 20 min, it broadens.

The peak belonging to the Si–O bend was detected at 443,

431, 419, 411 and 403 cm-1 [38, 39]. The peak of

443 cm-1 shifted at 5 and 10 min. Meanwhile, it sharpened

at 15 min and decreased at 20 min. The peak of 431 cm-1

sharpened as oxidation duration increased. Meanwhile, the

peak of 419 cm-1 was only visible for 15 min. On the

other hand, the peak of 411 cm-1 was not visible for

15 min. This peak sharpened as oxidation duration

increased from 5 to 10 min and later was visible at 20 min.

Lastly, the peak of 403 cm-1 sharpened when the duration

of oxidation increased from 5 to 10 min and decreased at

15 min. The last unknown peak at 925 cm-1 was assigned

to Nd silicate vibration [36, 40]. Even though, the actual

peak list is not available; it was confirmed based on other

metal silicates such as hafnium silicate, zirconium silicate

and samarium silicate. The peaks had almost negligible

differences as the duration of oxidation increased.

3.3 Raman analysis

Figure 6 shows the Raman analysis result for the oxidized

samples at various durations. The analysis was done from a

wavelength of 0 cm-1 until 4000 cm-1. Si wavelength was

detected at 525 cm-1 [41]. The intensity decreased from 5

to 10 min. Later, it increased until 20 min. Two different

peaks belonging to Nd2O3 were detected at 112 and

312 cm-1 [42]. Both peaks’ intensity decreased until

15 min and then increased at 20 min. The peak of

925 cm-1 was assigned to SiO2 [43]. The peak showed a

similar trend as Nd2O3, where the intensity decreased until

15 min and increased at 20 min. Additionally, the

unidentified peak at 17 cm-1 was assigned to neodymium

silicate as it was detected in the XRD and FTIR analysis.

The lowest intensity of silicate was at 5 min, followed by

15 and 20 min. The highest intensity was shown at 10 min.

Raman’s findings supported the existence of interfacial

layers consisting of SiO2 and Nd2Si2O7.

3.4 HRTEM

The samples underwent HRTEM analysis to understand the

effect of the duration of oxidation in the formation of oxide

and interfacial layers. This step was essential to identify the

influence of each layer’s thickness in its electrical proper-

ties. Figure 7 shows the HRTEM analysis of the oxidized

samples at various durations.

Fig. 5 FTIR spectra of the oxidized Nd samples at various durations

(5, 10, 15 and 20 min)

Fig. 6 Raman spectra of the oxidized Nd samples at various

durations (5, 10, 15 and 20 min)
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Layers were observed in between oxide and Si substrate

as shown by XRD, FTIR and Raman. First and foremost,

the distinct differentiation can be observed for the sample

oxidized at 15 min. It consists of the thinnest oxide layer

and a single interfacial layer. Meanwhile, the rest of the

samples consists of two interfacial layers. To understand

the thickness variation, the thickness of each layer was

plotted as shown in Fig. 8.

The oxide layer showed thickness reduction until

15 min and increased at 20 min. The first interfacial layer

increased until 15 min and then decreased at 20 min.

Meanwhile, the second interfacial layer decreased until

15 min and did not exist at 15 min but the layer appeared

again at 20 min. The interfacial layer at 15 min was thicker

than the oxide layer. Based on these findings, an oxidation

model is proposed as shown in Fig. 9.

Fig. 7 HRTEM images of

sample oxidized at a 5 min,

b 10 min, c 15 min, d 20 min

Fig. 8 Thickness variation of each layer by oxidation durations
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At the initial oxidation state, the oxidation occurred at a

higher rate at 0.047 nm/s. Thus, the thickest oxide layer is

formed at 5 min. From XRD, FTIR and Raman analysis, it

is known that the interfacial layer consists of SiO2 and

Nd2Si2O7. Thus, it can be assumed that the interfacial layer

closest to Si is made of SiO2 [23, 30] as the oxygen atoms

diffuse in and combine with Si. Meanwhile, the second

interfacial layer consists of Nd2Si2O7 as the Nd atoms also

diffuse in at the same time the oxygen atoms diffuse in.

Meanwhile, the Si atoms diffused out and formed Nd2Si2-
O7 [44]. Based on this model, the compound present in

each element is shown in Table 1. The thickness of these

layers decreased at 10 min, possibly due to the longer

oxidation duration. At this duration, the oxidation level is

lowered and the diffusion of atoms is reduced due to the

consolidation of crystal atoms. The applied thermal energy

leads to a sintering effect; thus, atoms become more

compact [45]. At 15 min, the duration is optimized and

only a single interfacial layer can be obtained. The atoms

are more compact at this duration than at 10 min. This

amorphous region consists of a mixture of SiO2 and Nd2-
Si2O7. As the diffusion rate and the oxidation rate decrease,

the total thickness is not very different than the original

thickness (10 nm of Nd). It can scavenge the formation of

the SiO2 and Nd2Si2O7 interfacial layers separately. But as

the oxidation duration increases to 20 min, the oxide and

interfacial layer’s thickness start to increase again and

higher than 10 min. After consolidation of atoms at

15 min, the oxidation rate increases due to longer oxidation

time at 20 min. As a result, the thickness increases since

there is more oxygen availability to form bonding. A

reverse effect can be seen, where the consolidation of

atoms becomes less pronounced.

3.5 J–E measurement

I–V data were employed to obtain leakage current density–

electric field (J–E) as shown in Fig. 10.

The E value obtained from

Fig. 9 Model of layers

distribution for different

oxidation durations. a 5 min,

b 10 min, c 15 min, d 20 min

Table 1 Compound of

interfacial layers by durations
Oxidation duration (min) Oxide layer IL 1 IL 2

5 Nd2O3 SiO2 Nd2Si2O7

10 Nd2O3 SiO2 Nd2Si2O7

15 Nd2O3 SiO2 ? Nd2Si2O7 Does not exist

20 Nd2O3 SiO2 Nd2Si2O7

Fig. 10 J–E characteristics of the oxidized Nd samples at various

durations (5, 10, 15 and 20 min)
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E ¼ ðVg � VfbÞ
tox

ð8Þ

The samples possess double breakdowns. The initial

breakdown at the lower E value is the soft breakdown. The

later breakdown at the higher E value is the hard breakdown.

The samples oxidized at 10 and 20 min started with leakage,

thus concluding both as having the worst electrical charac-

teristics. This could be attributed to the almost similar oxide

thickness of 8.21 and 8.6 nm, respectively. The initial

breakdown of the sample oxidized at 15 min is at

1.818 MV/cm and 8.118 9 10-6 A/cm2. Meanwhile, for

the sample oxidized at 5 min, the initial breakdown was at

5.4545 MV/cm and 4.178 9 10-5 A/cm2. Thus, the sample

oxidized at 15 min is thought to have better electrical

properties due to a lower J value. This can be attributed due

to its single interfacial layer, which is the thinnest interfacial

layer at 6.38 nm. Jeon et al. have reported that the sample

with the thinnest interfacial layer possessed better electrical

properties [46]. Moreover, a thick oxygen-rich layer such as

SiO2 has a strong effect on the electrical properties on the

samples oxidized at 5, 10 and 20 min, since the k value of

this oxide is *3.9 [23, 47]. Table 2 shows a comparison of

previously published results for Nd2O3.

The results indicate that sample with SiO2 produces

poor result compared to sample with silicate as interface

layer. From J–E measurements, time-zero dielectric

breakdown (TZDB) reliability tests had been performed. A

total of 40 capacitors were tested and cumulative failure

percentage of the breakdown is as shown in Fig. 11.

The highest breakdown voltage was recorded in the

range of 3–5 MV/cm for the sample oxidized at 5 and

10 min. But the leakage values recorded were higher than

10-6 A/cm2. Thus, 1.8 MV/cm is assumed to be the best

based on the fact that it corresponds to the lowest leakage

value. Interface layer with inclusion of Nd2Si2O7 and SiO2

has the best J–E result. This is vice versa with the obser-

vation of samarium silicate interface layer, where it

degrades the electrical properties of the oxide film [48].

The Fowler–Nordheim (FN) type current conduction is

one the accepted mechanisms that result in current con-

duction in thin gate oxide [21]. In this type of leakage, the

carrier tunnels through a triangular barrier into the

conduction, the valence band of the insulator F–N tunnel-

ing is characterized by the barrier which is triangular and

tunneling is only through insulator layer [49].

The data of J–E employed to perform F–N tunneling

linear regression plot and barrier height ð/BÞ between

conduction band edge between Si and interface from it.

JFN ¼ AE2 exp �B

E

� �� �
ð9Þ

where

A ¼ 1:54� 10�6 m

mox

� �
/B ð10Þ

B ¼ 6:83� 107
mox

m

� �
ð/3

BÞ
1
2 ð11Þ

Rearranging Eq. (9) gives rise to the following equation:

ln
J

E2

� �
¼ �B

1

E

� �
þ lnA ð12Þ

Figure 12 shows the FN tunneling linear regression plot

of the oxidized Nd samples at various durations (5, 10, 15

and 20 min). Based on the linear equation, the y-intercept

is equal to A and the gradient is equal to B. Meanwhile, the

effective mass of high k is assumed to be 0.3 m for cal-

culation [50]. The result of the barrier height is as shown in

Table 2 Electrical result comparison of previously published works

Method Oxide IL Thickness (nm) E (MV/cm) J (A/cm2) References

Metal organic chemical vapour deposition Nd2O3 Nd2Si2O7 35 1.4 10-4 [55]

Chemical solution deposition Nd2O3 SiO2 3.3 Not reported 10-4 [56]

RF sputtering Nd2O3 N?Poly-Si and wet oxide 27 3 10-4 [57]

RF sputtering Nd2O3 N?Poly-Si and wet oxide 25 11 10-4 [49]

RF sputtering followed by thermal oxidation Nd2O3 SiO2 ? Nd2Si2O7 5.82–14.1 1.8 10-6 This work

Fig. 11 Cumulative failure percentage of dielectric breakdown field

of investigated samples
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Fig. 13. The sample with highest ð/BÞ has the best elec-

trical properties, which is 15 min.

3.6 C–V characteristics

Figure 14 shows the capacitance accumulation and k value of

oxidized Nd samples at various durations. Measurement had

been done within the bias voltage ranging from -8 to?2 V.

Sample oxidized at 20 min possess the highest accu-

mulation capacitance. Meanwhile, the lowest accumulation

capacitance shown by sample oxidized at 15 min. This

trend is vice versa with J–E analysis. CNd2O3
is obtained

from [42, 51],

C ¼ kA�0
t

ð13Þ

where C is the capacitance of the oxide, k is the effective

dielectric constant, A is the area of capacitor, �0 is the

permittivity of free space (8.85 9 10-12 Fm-1) and t is the

thickness of the oxide film. Based on the equation, C is

directional proportional to k and inversely proportional to

t. These two factors highly influence the C value, as A and

e0 are constant. Based on the Eq. 13, sample with lowest

capacitance accumulation and thickness possess the lowest

k. The 15-min sample that has interface layer with inclu-

sion of Nd2Si2O7 and SiO2 gives the lowest k value. Even

the value is lower compared to other samples, it is higher

compared to previous published result, where for thickness

less than 25 nm, the k value is 13 ? 2 [46].

C–V result was further analyzed by normalized the

capacitance value with accumulation capacitance of each

sample as shown in Fig. 15.

The result indicates negative bias depletion region and

negatively shifted flatband voltage ðDVFBÞ: Thus, oxide of

all the samples possesses positive effective oxide charges

[52]. The effective oxide charges (Qeff) and slow trap

Fig. 12 FN tunneling linear regression plot of the oxidized Nd

samples at various durations (5, 10, 15 and 20 min)

Fig. 13 Barrier height of the oxidized Nd samples at various

durations (5, 10, 15 and 20 min)

Fig. 14 Capacitance accumulation and k value of oxidized Nd

samples at various durations (5, 10, 15 and 20 min)

Fig. 15 Normalized C–V curved at room temperature of oxidized Nd

samples at various durations (5, 10, 15 and 20 min)
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density (STD) of the samples were calculated based on the

equations below [53, 54]:

Qeff ¼
CoxDVFB

qA
ð14Þ

STD ¼ DVCox

qA
ð15Þ

where q is the electronic charge (1.6 9 10-19 C), DV is the

difference between flatband voltages of hysteresis curve

and other parameters have been explained previously. The

calculated Qeff and STD are as shown in Fig. 16.

Sample oxidized for 15 min shows the lowest values for

both Qeff and STD. Both Qeff and STD show similar trend

as the interfacial layer thickness, where the highest inter-

facial layer has the highest Qeff and STD.

The average interface trap density was calculated using

Terman method as in equation below [51, 53]:

Dit ¼
DVgCox

/sqA
ð16Þ

where ð/sÞ is the surface potential of Si at specific gate

voltage, Vg. The surface potential of a particular capaci-

tance is taken from an ideal MOS capacitor. The gate

voltage is obtained from experimental C–V curve of the

same capacitance as that of ð/sÞ: The steps were then

repeated for other data points until a relevant Dit against

(Ec - E) curve is obtained. Figure 17 shows the average

interface trap density. Sample oxidized for 15 min pos-

sesses the lowest average interface trap density. This sup-

ported by Pan et al.’s finding where the Dit tends to

increase with SiO2 and silicate layer [31].

4 Conclusion

In summary, the work demonstrated the effect of the

duration of thermal oxidation (5, 10, 15 and 20 min) of

sputtered Nd on Si with regard to structural, chemical and

electrical properties. The XRD, FTIR and Raman result

showed the presence of the interfacial layers of Si–O and

Nd–Si–O in between Si and Nd2O3. Additionally, HRTEM

analysis showed two distinct interfacial layers for the

samples oxidized at 5, 10 and 20 min and a single inter-

facial layer for the sample oxidized at 15 min. With the

attainment of thinnest interfacial and oxide layer, highest

barrier height, highest Nd2O3 intensity, largest SiO2 crys-

tallite structure, effective oxide charges, slow trap density

and average interface trap density, this 15-min sample

produced the best electrical properties, which demonstrated

the highest electrical breakdown field with the lowest

leakage current density.
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