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ABSTRACT
In this investigation, thin films of YbFeO3, both in its pure form and doped with 
10% Co, were fabricated on a p-Si substrate at 500 °C through the radio-frequency 
magnetron sputtering method. Examination via Scanning Electron Microscopy 
demonstrated a porous texture for the pure sample, contrasting with a smooth 
and crack-free surface post-Co doping. Analysis via X-ray photoelectron spectros-
copy unveiled Yb’s 3 + oxidation state, alongside the presence of lattice oxygen, 
oxygen vacancies, and adsorbed oxygen evident in Gaussian fitting curves. Pho-
toluminescence spectroscopy revealed an augmented emission intensity, likely 
attributed to increased defect initiation in the Co-doped specimen. Moreover, 
Raman spectroscopy was employed to identify vibration modes in the examined 
samples, demonstrating shifts in Raman peaks indicative of Co substitution and 
subsequent distortion in the crystal structure of YbFeO3. Electrical assessments 
were conducted at room temperature (300 K) under ambient conditions, employ-
ing voltage and frequency as variables. Capacitance–voltage measurements illus-
trated the emergence of an accumulation, with depletion and inversion regions 
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manifesting at different frequencies based on the applied voltage, attributed to 
the YbFeO3 interfacial layer at the Al and p-Si interface. The conductance-voltage 
characteristics indicated that the structure exhibited maximum conductance in the 
accumulation region. Series resistance for these configurations was deduced from 
capacitance-conductance-voltage measurements, indicating a dependence on both 
bias voltage and frequency. The doping process led to a reduction in capacitance 
and series resistance, accompanied by an increase in conductance values. After 
obtaining corrected capacitance and conductance parameters, it became evident 
that series resistance significantly influences both parameters. Interface state den-
sity (Nss), determined through the Hill-Coleman relation demonstrated a decreas-
ing trend with increasing frequency. The pure sample exhibited higher interface 
state density compared to the Co-doped sample at each frequency, highlighting 
that the 10% Co-doped YbFeO3 thin film enhances the quality of the metal–semi-
conductor interface properties compared to the pure contact.

1 Introduction

Measurements of electrical and dielectric properties 
of novel materials are vital in identifying their poten-
tial use in electronic device applications. Among those 
materials, metal-oxides [1], composites [2], polymers 
[3], perovskite-oxides [4], and organics [5] are stud-
ied extensively in the literature. Perovskite-oxides, 
which have the ABO3 chemical formula, are one of 
the most worthy material classes for scientists due to 
their unique electrical, optical, magnetic, etc. prop-
erties [6–8]. Since these properties can be controlled 
or modified via doping a foreign element into the 
A or B site, researchers have intensely studied per-
ovskite-oxides materials recently [6–8]. A member 
of the perovskite-oxide compound family, the rare 
earth orthoferrites (RFeO3, R denotes as rare earth 
element), have also been studied highly due to their 
unique electrical/dielectric, magnetic, and optical 
properties [9–11]. Ytterbium iron oxide, YbFeO3, is 
an important rare earth orthoferrite with an optical 
band gap of around 2.1 eV [12]. In its powdered form, 
YbFeO3 adopts an orthorhombic crystalline structure, 
while in thin film form, depending on the substrate 
temperature [13], it can manifest in orthorhombic 
and/or hexagonal crystalline structures [14]. YbFeO3, 
owing to its multiferroic characteristics, finds diverse 
applications ranging from solar cells to magnetoelec-
tric couplers, gas sensors, and photo-catalysts [15–19]. 
Previous research has predominantly concentrated on 

the magnetic aspects of YbFeO3 in thin film form, pri-
marily due to the magnetic properties of the iron (Fe) 
ion [14, 20]. In contrast, the literature on the electrical 
and dielectric properties of YbFeO3 remains relatively 
limited. Our research group has previously investi-
gated the optical band gap engineering and crystal-
line structure of thin film YbFeO3 compounds with 
various doping ratios [12, 21, 22]. Additionally, the 
current–voltage characteristics and current transport 
mechanism of YbFeO3 thin films have been explored 
in prior publications [23]. Notably, there is a lack of 
existing literature on the study of electrical proper-
ties for both pure and cobalt (Co)-doped YbFeO3 thin 
films. This research aims to address this gap and con-
tribute valuable insights into the electrical properties 
of thin film YbFeO3, providing essential knowledge for 
researchers in the field. Researchers have extensively 
investigated the electrical and dielectric properties 
of metal-interface layer-semiconductor devices [24]. 
This method involves placing an insulator or semi-
conductor material between a metal–semiconductor 
interface to create a capacitor-like device using vari-
ous thin film growth techniques [25–29]. Such circuit 
elements serve as fundamental components in many 
electronic devices, particularly in controlling the per-
formance of diodes and field-effect transistors [30]. 
Parameters like interface states, series resistance, and 
barrier height play crucial roles in the functionality 
of semiconductor electronic devices [30, 31]. To intro-
duce new materials for high-performance electronic 
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device applications, researchers have explored numer-
ous compounds [32–34]. However, detailed studies on 
the electrical and dielectric properties of pure and Co-
doped YbFeO3 thin films are lacking in the existing 
literature.

In this research, we deposited thin films of both 
undoped and 10% cobalt (Co)-doped YbFeO3 on a p-
Si substrate using the radio frequency sputtering tech-
nique. Scanning electron microscopy (SEM) images 
were scrutinized to analyze the morphology of the 
specimens. Furthermore, X-ray photoelectron spec-
troscopy (XPS), photoluminescence (PL), and Raman 
Spectra analyses were conducted to investigate the 
chemical properties of the samples under study. To 
construct the Al/YbFeO3/p-Si structure, a metal elec-
trode was deposited on both sides (front and back) of 
the devices. Electrical properties were evaluated under 
ambient conditions at room temperature. Capacitance 
(C), conductance (G), series resistance (Rs), impedance 
(Z), and interface states (Nss) of the devices were exam-
ined by varying the bias voltage at different frequency 
settings.

2 �Experimental

In this section, 2-inch diameter sputter targets were 
prepared through manual pressing with a 400-bar 
pressure application. To achieve this, the YbFeO3 
powder was synthesized using a solid-state reac-
tion procedure, employing Yb2O3 (ABCR) and Fe2O3 
(Sigma-Aldrich) samples with purities exceeding 
99.9% and more than 99%, respectively. These pow-
ders were blended to the desired stoichiometry in an 
agate mortar and immersed in ethanol solvent for over 
an hour. The resulting powder underwent calcination 
at 900 °C for 10 h in ambient conditions. Following 
the initial calcination, the powder was reground to 
ensure homogeneity in the agate mortar, then sintered 
at 1200 °C for 12 h under ambient conditions. Finally, 
the powder was pressed as described above, result-
ing in the desired YbFeO3 sputter target. The same 
steps were followed for the 10% Co-doped YbFeO3 
(YbFe0.90Co0.10O3) powders and targets, using 99.7% 
pure Co3O4 powders from A. AESAR. These targets 
were employed as magnetron sputter targets in the 
physical vapor deposition (PVD) system.

For the chemical cleaning process, the p-Si type sub-
strate (1–10 Ω cm resistivity, (100) oriented and boron-
doped) underwent exposure to acetone, isopropyl 

alcohol (IPA), and de-ionized water. Subsequently, 
approximately 100 nm thick aluminum (Al) was ther-
mally evaporated onto the Si’s rough surface. To facili-
tate electron transfer between Al and Si and achieve 
ohmic contact, the coated substrate was annealed at 
around 550 °C for 5 min under nitrogen gas flow.

In the thin film growth process on the bright side, 
the substrate was transferred to a vacuum chamber, 
which was pumped until the pressure reached around 
10–7 mTorr. Pure and Co-doped YbFeO3 thin films 
were produced through rf sputtering (100 watts) at a 
2.5 mTorr chamber pressure and 20 sccm argon (Ar) 
gas flow concentration, with the substrate heated at 
500 °C and periodically rotated for approximately 
2 h. After completing the depositions, pure and 10% 
Co-doped YbFeO3 thin films with thicknesses of 205 
and 615 nm were obtained. The oxidation states of 
the elements were determined through X-ray photo-
electron spectroscopy (XPS) measurements. The C 1s 
peak at 284.6 eV was utilized for calibration. Photo-
luminescence (PL) experiments were conducted on a 
micro-Raman spectroscope alpha 300R (Witec) using a 
355 nm excitation laser with 0.5 mW intensity. Raman 
analyses were carried out using a 532 nm excitation 
laser with 20 mW power (Zeiss EC).

Finally, to form a rectifying contact, high-purity 
Al (99.999%) was evaporated onto the top side of the 
YbFeO3/p-Si/Al structure, resulting in the desired 
structure. The electrical properties of the Al-coated 
YbFeO3 structure were investigated in ambient con-
ditions using a source meter (Keithley 2400) and an 
Impedance Analyzer (HP4192 A LF). The results are 
discussed in the subsequent section.

3 �Results and discussion

Figure 1a displays the SEM image of the pure YbFeO3 
sample, revealing the presence of a spongy surface. 
Upon undergoing the doping process, this spongy 
surface diminishes, giving way to a dense and crack-
free surface as depicted in Fig. 1b. The smooth surface 
texture seen in samples doped with cobalt could be 
linked to the decrease in lattice parameters of YbFeO3 
induced by cobalt doping. In our prior research, we 
noted that introducing Co into Fe positions within 
YbFeO3 resulted in a decrease in lattice parameters 
[35]. Nforna et al. similarly observed a reduction in 
lattice parameters in NdFeO3 when Co was substituted 
into Fe sites [36]. They suggested that this decrease in 
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lattice parameters and unit cell volume led to a more 
compact and uniform crystal structure. Addition-
ally, Bai et al. demonstrated that Co-doped BiFeO3 
thin films exhibited uniformly dense surfaces and a 
homogeneous surface morphology [37]. They attrib-
uted these characteristics to the smaller size of Co ions.

In our prior investigation [12], we conducted 
X-ray diffraction studies on both pure and Co-doped 
YbFeO3 compounds. It was observed that both types 
of compounds exhibit a polycrystalline crystal struc-
ture (without any other phases), with the Co-doping 
process leading to an increase in crystallite size [12]. 
The XPS analysis of the studied thin films is illustrated 
in Fig. 2. The full spectrum, represented in Fig. 2a, 
depicts the binding energy’s dependency. Figure 2b 
illustrates the Yb 4d spectrum for both thin films, indi-
cating binding energies of approximately 184.86 eV 
and 184.44 eV for the 4d5/2 configuration, and around 
199  eV and 198.61  eV for the 4d3/2 configuration, 
for undoped and 10% Co-doped YbFeO3 thin films, 
respectively. These obtained binding energies imply a 
Yb oxidation state of 3 + [38]. In Fig. 2c and d, the oxy-
gen (O) 1s spectrum for undoped and 10% Co-doped 
YbFeO3 thin films is displayed. The Gaussian fitting 
reveals that the undoped YbFeO3 exhibits two dis-
tinct peaks, while the 10% Co-doped sample displays 
three peaks [39]. In the undoped sample, the peak at 
529.80 eV originates from lattice oxygen, and the peak 
at 532 eV arises from oxygen vacancies and defects 
[39]. Conversely, the 10% Co-doped sample presents 
peaks at 527.37, 529.52 eV, and 531.84 eV, respectively. 
The first peak may be attributed to O2− ions absorbed 
on the thin film surface [39], the second to lattice 
oxygens [39], and the third to oxygen vacancies and 
defects [39]. Fe and Co XPS analyses were previously 

conducted in our study, revealing that pure YbFeO3 
contains both Fe2+ and Fe3+ ions, while the 10% Co-
doped YbFeO3 compound consists solely of Fe3+ ions 
[12].

Moreover, XPS analysis indicates that the 10% Co-
doped YbFeO3 compound comprises both Co2+ and 
Co3+ ions [12]. AFM analysis was conducted for the 
mentioned compounds, revealing that the pure com-
pound has a roughness of 2.57 nm, while the 10% 
Co-doped YbFeO3 compound exhibits a roughness 
of 1.86 nm [12]. Furthermore, we investigated the 
optical band gaps of the pure and Co-doped YbFeO3 
compounds, revealing values of 2.10 eV and 1.72 eV 
for the pure and 10% Co-doped YbFeO3 compounds, 
respectively [12]. The decrease can be ascribed to two 
main factors: (i) the formation of more defects such 
as oxygen vacancies within the material and (ii) the 
differences in electronegativity between B cations and 
oxygen [12].

Photoluminescence (PL) spectroscopy serves as a 
valuable method for examining the recombination of 
photogenerated electron–hole pairs within materials. 
Figure 3 illustrates the PL spectra of the pure and 10% 
Co-doped YbFeO3 thin films. As depicted in the plots, 
the emission intensity increases following the doping 
process, possibly due to heightened levels of defect 
formation post-doping [40]. These defects can capture 
or trap electrons within the materials.

Figure 4 displays the Raman spectra for undoped 
and 10% Co-doped YbFeO3 thin films. The acquired 
peaks largely remain consistent, except for the peak 
around 600 cm−1, which arises from the Co-doping into 
the parent compound. Peaks below 200 cm−1 are attrib-
uted to the vibration of heavy rare-earth ions present 
in the sample [41]. The harmonic oscillator frequency, 

Fig. 1   a SEM image of pure and b 10% Co-doped YbFeO3 thin films (Scale bars show 2 μm)
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Fig. 2   XPS analysis of undoped and 10% Co-doped YbFeO3 thin films. a Full spectrum, b Yb 4 days, O 1s spectrum of c undoped, and 
d 10% Co-doped YbFeO3 thin films, respectively

Fig. 3   Photoluminescence (PL) analysis of the YbFeO3 and 
YbFe0.90Co0.10O3 thin films

Fig. 4   Raman spectra for undoped and 10% Co-doped YbFeO3 
thin films
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ω, is proportional to ω ~ (k/M)1/2, where k and M rep-
resent the spring constant and atomic mass, respec-
tively. From this relationship, it can be inferred that 
heavy ions exhibit lower vibration frequencies [41].

Peaks within the range of 200–350 cm−1 are primar-
ily associated with FeO6 octahedral tilting, while the 
peak at approximately 460 cm−1 originates from the 
excitation of Fe3+ magnetic ions [41]. Peaks beyond 
500 cm−1 predominantly stem from Fe–O stretching 
vibrations [41, 42]. Notably, peaks around 630 cm−1 
are attributed to the Fe–O bond. Furthermore, it’s 
observed that the doping process can induce spectrum 
shifts, which may be attributed to crystal distortion or 
structural disorder resulting from Co-doping into the 
parent compound.

Figure 5 a shows the energy-band diagram of the 
YbFeO3/p-Si heterojunction before the contact. Here 
χ, EC, EV, Eg, EF, ΔEC, and ΔEV are the electron affinity, 
conduction band minimum, valance band maximum, 

optical band gap, Fermi energy level, conduction band 
difference, and valance band difference between the 
YbFeO3 and Si, respectively.

The energy band diagram for the YbFeO3 is pro-
vided in Refs. [12, 15]. According to Ref. [15], the 
energy difference between the conductance band 
minimum of Si and YbFeO3 is ΔEC = 0.45 eV, the val-
ance band maximum is ΔEV = 0.53 eV, and the electron 
affinity of YbFeO3, χYbFO is around 3.6 eV. The optical 
band gap of YbFeO3 was given in our previous study 
and the detailed data was presented in the mentioned 
study [12]. Figure 5b shows the schematic illustration 
of the studied structure.

Figure 6 illustrates the capacitance–voltage (C-V) 
characteristics for both the undoped YbFeO3/p-Si and 
10% Co-doped YbFeO3/p-Si samples across various fre-
quency values. In Fig. 6a, the undoped sample exhibits 
maximal capacitance values in the positive bias region 
applied to the ohmic back electrode of the Si wafer 

Fig. 5   a Energy-band 
diagram of YbFeO3/p-Si 
heterojunction, b sche-
matic illustration of Al/ 
YbFeO3/p-Si device

Fig. 6   The capacitance–voltage (C-V) characteristic for a the undoped device, and b the 10% Co-doped YbFeO3 device at various fre-
quency values
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(with a negative bias applied to the YbFeO3 contact) 
at lower frequency values. This region, known as the 
accumulation region, witnesses the accumulation of 
all majority carriers (holes) in the p-type silicon on 
the surface of the Si adjacent to the YbFeO3 thin film. 
The Coulomb interaction causes these holes to induce 
negative charge accumulation in the YbFeO3 thin film 
near the YbFeO3/p-Si interface. As the applied positive 
bias decreases or sweeps through zero, the capacitance 
value begins to decrease to a minimum value, mark-
ing the depletion region, which acts as a dielectric 
in series with the semiconductor. Subsequently, the 
capacitance increases with increasing negative applied 
bias voltage at relatively lower frequency regions. The 
capacitance value at negative applied bias, applied to 
the back of the Si wafer (with a positive bias applied 
to the YbFeO3 contact), denotes the inversion region 
capacitance value. At lower frequency regions, the 
capacitance almost matches the accumulation capaci-
tance value due to the minority charge contribution in 
the inversion region. In the inversion region at lower 
frequencies, the minority carriers can trail the external 
electrical field, influencing the capacitance value of the 
device. However, at higher frequencies, the minority 
carriers fail to track the external electrical field, result-
ing in decreased capacitance value in this region.

In the accumulation region, it is evident that the 
capacitance declines with increasing frequency, indi-
cating the presence of interface states that affect the 
capacitance value of the device. The capacitance value 
in the accumulation region is approximately 313 pF at 
1 kHz and 248 pF at 1.0 MHz at 8.0 V for the undoped 
device. Figure 6b displays the capacitance variations 
of the 10% Co-doped device at various frequencies. 
The accumulation region forms at high positive bias 
values and transitions through zero bias value, where 
the depletion region becomes apparent. The inversion 
region is distinctly observable at negative bias values. 
The capacitance value decreases post-doping process, 
with a value of around 293 pF at 1 kHz and 197 pF 
at 1 MHz at 7.0 V for the 10% Co-doped device. This 
reduction in capacitance value in the 10% Co-doped 
sample might be ascribed to the formation of defects, 
as indicated in our PL study. These defects may 
impede the movement of charge carriers or serve as 
trap centers for them, thereby reducing the effective 
number of charges that can be stored in our sample. 
The capacitance difference (between low and high fre-
quency) is notably higher than that of the undoped 
sample.

The total capacitance (C) of the device is a combina-
tion of both oxide (Cox) and the depletion layer capaci-
tance of the silicon (CD) in high frequency, which are 
connected in series with each other. Hence, the total 
capacitance at high frequency can be expressed as [43].

In the accumulation region, the majority carriers 
gather near the YbFeO3/p-Si interface, while the deple-
tion capacitance becomes negligible due to the forma-
tion of the depletion region. Consequently, the total 
capacitance is nearly equivalent to the oxide capaci-
tance in this scenario. Specifically, at 7.0 V, the total 
capacitance measures 312 pF at 1.0 kHz and 246 pF at 
1.0 MHz for the undoped compound, and 262 pF at 
1.0 kHz and 195 pF at 1.0 MHz for the 10% Co-doped 
sample. However, in the depletion region, the total 
capacitance diminishes to a minimum value. Here, the 
total capacitance combines both oxide and depletion 
capacitance, linked in series. Consequently, the total 
capacitance should be lower than the oxide capaci-
tance. Utilizing Eq. (1), the depletion capacitance of 
both undoped and doped samples can be computed at 
high frequencies (1.0 MHz). For the undoped device, 
the depletion capacitance is 223 pF at − 1.0 V, and 
for the 10% Co-doped device, it measures 242 pF at 
− 4.0 V. The depletion region width is calculated as 
1.12 μm for the undoped device at − 1 V and 1.03 μm 
for the doped device at − 4.0 V using the following 
equation:

where �
0
 , k = 11.7forSi , A, and d are the dielectric per-

mittivity of vacuum and dielectric constant of Si, diode 
area, and depletion region width, respectively.

Figure 1S, in the supplementary section, shows 
the variation of the dielectric constant (ɛ′) of the 
YbFeO3/p-Si and 10% Co-doped YbFeO3/p-Si devices 
with voltage at various frequencies, respectively. To 
calculate the dielectric constant of the devices, the fol-
lowing relation is mainly used:

Here, C, C0, ɛ0, A, and tox are the measured capaci-
tance and empty capacitance of the sample, dielec-
tric permittivity of the free space, diode area, and 

(1)
1

C

=
1

C
ox

+
1

C
D

(2)C
D
=

�
S
A

d

, �
S
= k�

0
,

(3)C = �
�
�
0

A

t
ox

, C
0
= �

0

A

t
ox

, �
� =

C

C
0



	 J Mater Sci: Mater Electron (2024) 35:11371137 Page 8 of 18

thickness of the interfacial thin film, respectively. 
The dielectric constant was measured as 3 at 1.0 kHz 
and 2.4 at 1.0 MHz for the pure YbFeO3 sample at 
7.0 V. The 10% Co-doped YbFeO3 compound has die-
lectric constants of 7.5 at 1.0 kHz and 5.6 at 1.0 MHz 
at 7.0 V. The obtained results show that the doping 
process has a clear effect on the dielectric constant 
of the YbFeO3 material. In our previous study [35], 
we examined the role of Co-doping on the YbFeO3 
powder compound, and the results showed that the 
dielectric constant increases with increasing doping 
ratio. In that study [35], this increase was attributed 
to (i) Co-doping causing charge carrier creation, and 
(ii) Co-doping into the YbFeO3 causing lattice con-
traction due to smaller ion doping, thereby decreas-
ing crystalline size leading to an increase in the num-
ber of grain boundaries, respectively [35].

The calculated dielectric constant for the pure 
and 10% Co-doped devices is very low compared to 
that of the powder YbFeO3 compound. This may be 
attributed to poor crystallinity, which was observed 
by another group [44]. Downie et al. synthesized 
hexagonal MFeO3 (M = Y, Yb, In) powders and inves-
tigated their magnetic, electric, and crystalline prop-
erties [44]. They obtained a very low dielectric con-
stant, i.e., 5.4 for YbFeO3 at 100 kHz. They attributed 
this low value to (i) poor sample crystallinity and (ii) 
very small crystal size (around 10 nm) [44].

Figure 7 shows the C−2 behavior of the device as a 
function of voltage for various frequencies at 300 K. 
The curves in this plot were obtained from the C–V 
curves using the following equations [43],

where NA is the free carrier density, V0 is the inter-
cept of the linear portion of the C−2 vs. V plot, V is the 
applied potential, A is the area of each Al dot onto Al/
YbFeO3/p-Si/Al, and Al/YbFe0.90Co0.10O3/p-Si/Al thin 
layer. The �

s
 , �

o
 , and q are the permittivity of semi-

conductor and vacuum and electronic charge, respec-
tively. The intercept potential can be written as [45]:

where VD is the diffusion potential, and kB and T are 
the Boltzmann constant and the absolute temperature, 
respectively. The barrier height ( �

B
 ) can be obtained 

using [45]:

where EF is the energy difference between the bulk 
Fermi level and the valance band edge, and the  Δ�

B
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the image force barrier lowering, respectively. Those 
values are obtained using [45]:

In this equation, NV is the effective density of states 
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Fig. 7   C−2 versus V curves for a the pure and b 10% Co-doped YbFeO3 devices at a frequency range from 1.0 kHz to 1.0 MHz
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Here the mh* is the effective mass for holes 
(mh* = 0.16m0) and m0 is the rest mass of the electron. 
The image force barrier lowering was obtained using 
the following equations, in which the Em is the maxi-
mum electrical field [45].

All the calculated parameters from the C−2 vs. V 
plots for various frequencies are listed in Table 1. It 
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is clear that those parameters strongly depend on 
frequency and increase with increasing frequency.

The conductance (G) vs. voltage (V) dependence 
for the undoped and doped YbFeO3 devices are 
shown in Fig. 8a and b. Figure 8a illustrates a maxi-
mum in the positive voltage region (or the accumu-
lation region), and a minimum around 0.0 V before 
increasing slowly in the negative voltage region. It 
is seen that conductance increases with increasing 
frequency. This is due to an increase in carrier mobil-
ity with increasing frequency. In the accumulation 
region, the conductance reaches a maximum at a 
certain voltage and frequency value, and it is clear 
that the voltage shifts towards higher positive values 

Table 1   Calculated parameters from the C−2 vs. V plots for various frequencies

YbFeO3 10% Co-Doped YbFeO3

f
(kHz)

V0
(V)

NA
(cm−3) × 1014

VD
(V)

EF
(eV)

EM
(V/cm) × 104

ΔφB
(eV)

φB
(eV)

V0
(V)

NA
(cm−3) × 1015

VD
(V)

EF
(eV)

EM
(V/cm) × 104

ΔφB
(eV)

φB
(eV)

100 1.82 8.44 1.85 0.196 2.16 0.016 2.03 6.96 1.85 6.99 0.176 6.25 0.027 7.13
200 1.92 8.87 1.95 0.195 2.27 0.017 2.12 7.54 1.98 7.57 0.174 6.73 0.029 7.71
300 1.96 8.99 1.99 0.195 2.31 0.017 2.16 7.85 2.06 7.88 0.173 7.00 0.029 8.02
400 1.98 8.99 2.01 0.195 2.33 0.017 2.18 8.19 2.12 8.22 0.172 7.27 0.030 8.36
500 2.00 8.96 2.03 0.195 2.33 0.017 2.20 8.34 2.18 8.37 0.172 7.43 0.030 8.51
700 2.03 8.93 2.06 0.195 2.35 0.017 2.23 8.67 2.27 8.70 0.171 7.74 0.031 8.84
1000 2.12 8.90 2.15 0.195 2.39 0.017 2.32 9.06 2.38 9.09 0.169 8.09 0.031 9.22

Fig. 8   Conductance (G) vs. voltage (V) plots for a undoped and b 10% Co-doped YbFeO3 devices
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with increasing frequency. This is due to interface 
states and the series resistance effect.

Figures 8a and b depict the dependence of con-
ductance (G) on voltage (V) for both undoped and 
doped YbFeO3 devices. In Fig. 8a, there is a notable 
peak in the positive voltage region, corresponding to 
the accumulation region, with a minimum observed 
around 0.0 V before gradually increasing in the nega-
tive voltage region. Conductance rises with increasing 
frequency due to enhanced carrier mobility. Within 
the accumulation region, conductance reaches its 
maximum at a specific voltage and frequency, with 
the voltage shifting towards higher positive values as 
frequency increases. This phenomenon is attributed to 
interface states and series resistance effects.

At 7.0 V, the conductance value is 1.13 × 10–7 S at 
1 kHz and 5.5 × 10–4 S at 1 MHz for the undoped device 
in the accumulation region. The inset in Fig. 8a dis-
plays conductance for suppressed frequency values. 
The conductance profiles of the 10% Co-doped device 
are presented in Fig. 8b. It is evident that conductance 
in the accumulation region advances with increasing 
positive voltage and frequency values. Peaks in con-
ductance occur at certain voltages for all frequencies 
in the accumulation region, with these peaks shift-
ing towards higher positive voltages as frequencies 
increase. This shift is attributed to interface states and 
series resistance effects. In the negative bias region, 
conductance remains nearly voltage-independent at 
given frequencies. The inset of Fig. 8b shows the con-
ductance for suppressed frequency values. Following 
the doping process, conductance decreases, attributed 
to lattice distortion acting as a trap site in the device. 
The role of series resistance is crucial for electronic 
device performance. Series resistance, Rs, can lead to 
deviations of parameters such as capacitance and con-
ductance from their ideal values, or it can introduce 
significant errors during parameter extraction [31].

According to Nicollian and Briews [31], series 
resistance stems from five distinct sources: (i) the con-
tact established by the probe wire, (ii) the back contact 
(or ohmic contact) of the substrate, (iii) the quality of 
the film or any particulate matter situated between 
two electrodes, (iv) the resistance of the quasi-neutral 
bulk substrate positioned between the ohmic contact, 
the substrate, and the depletion layer edge at the sub-
strate surface beneath the gate, and (v) an extremely 
non-uniform doping distribution of the substrate 
beneath the gate. These factors significantly influence 
device performance in potential electronic device 

applications. Series resistance can be determined 
through the conductance technique, and according 
to this method, the series resistance can be calculated 
using the following equation [31].

where Gm, Cm, and ω are the measured conductance 
and capacitance, and angular frequency, respectively.

Figure  9a illustrates the behavior of Rs for the 
undoped device. Rs initially increases up to a certain 
voltage in the inversion region, then sharply peaks 
(reaching a maximum value around − 1.0 V) in the 
depletion region before sharply decreasing. Subse-
quently, there is an increase of around 0.0 V followed 
by a second peak, which diminishes with increasing 
voltage and eventually stabilizes in the high voltage 
or accumulation region. In the accumulation region, 
frequency noises are apparent at 1.0  kHz, lead-
ing to the removal of data for high voltage values. 
The noise diminishes at higher frequency values. 
The observed peak heights decrease with increas-
ing frequency, with clearer peaks evident at lower 
frequency values. The measured resistance values 
in the accumulation region are approximately 11.3 
kΩ at 2.0 kHz and 211 Ω for the undoped device at 
1.0 MHz at 7.0 V. In Fig. 9b, Rs plots for the 10% Co-
doped device exhibit a similar behavior to that of the 
undoped device. Two peaks are noted for low fre-
quencies, while only a single peak is observed at high 
frequencies. The peak in the positive voltage region 
shifts towards higher positive values with increasing 
frequency, attributed to reordering and restructuring 
under the applied bias at different frequencies. The 
obtained resistance values are 29.7 kΩ at 2.0 kHz and 
158.6 Ω at 1 MHz for the 10% Co-doped sample at 
the same voltage value (7.0 V). Figure 9c compares 
the dependence of series resistance on voltage for 
each device at 1.0 MHz. In the accumulation region, 
the undoped device shows a decrease in the inver-
sion region before peaking between 1.0 V and 2.0 V, 
followed by almost voltage-independent behavior 
between 2.0 V and 7.0 V. The doped device displays a 
slight decrease in the inversion region before gradu-
ally increasing in the depletion region, then sharply 
increasing around 4.0 V. This increase peaks around 
8.0 V and decreases again. The undoped device has 
lower resistance than the doped one at 1.0 MHz. Fig-
ure 9d depicts the dependence of series resistance 
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on frequency in the strong accumulation region (at 
7.0 V) for each device. Series resistance decreases 
with increasing frequency for each device at low 
frequencies. While this decrease slows down in the 
middle-frequency region, it remains almost constant 
in the higher-frequency region. The 10% Co-doped 
device exhibits higher resistance values between 
1.0 kHz and 500 kHz. Beyond 500 kHz, the undoped 
device has lower resistance than the doped one. The 
inset is plotted using the log–log scale.

Because of the influence of series resistance, the 
measured capacitance (Cm) and conductance (Gm) stray 
from their theoretical values. To rectify these discrep-
ancies and acquire accurate capacitance and conduct-
ance values, corrections must be made to these param-
eters. The adjusted capacitance (Cc) and conductance 
(Gc) can be determined using the following formulas: 
[31]:

where a = G
m
−
(

G
2

m
+ �

2
C
2

m

)

R
s
 , and the measured 

capacitance (Cm) and conductance (Gm) are experimen-
tal values that come from the C-V and G-V measure-
ments. Figures 10a and b depict the adjusted capaci-
tance profiles of the pure and 10% Co-doped devices 
across varying voltage levels at different frequencies. 
In comparison to the measured capacitance profiles, 
the corrected capacitance exhibits higher values for 
both devices. Figures 10c and d present the compara-
tive plots of measured and corrected capacitance 
for the pure and 10% Co-doped devices at 1.0 MHz, 
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Fig. 9   Series resistance (Rs) of the a undoped and b 10% Co-doped devices, c comparison of the Rs at 1 MHz, and d frequency-depend-
ent Rs variation for both devices at 7 V
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respectively. The corrected capacitance surpasses the 
measured values, particularly in the accumulation 
region, for both devices.

For instance, in the case of the pure device, the cor-
rected capacitance values are 308 pF at 2.0 kHz and 
278 pF at 1.0 MHz, both measured at 6.0 V. In com-
parison, the measured values are slightly lower, stand-
ing at 307 pF at 2.0 kHz and 246 pF at 1.0 MHz, also 
at 6.0 V. Notably, the disparity between the capaci-
tance values becomes more pronounced at higher 
frequencies. Similarly, for the 10% Co-doped device, 
the corrected capacitance values are 234 pF at 2.0 kHz 
and 138 pF at 1.0 MHz, recorded at 6.0 V, whereas 
the measured capacitance values for the same param-
eters are slightly higher, at 253 pF at 2.0 kHz and 173 
pF at 1.0 MHz, also at 6.0 V. The corrected conduct-
ance (Gc) plots of both the pure and 10% Co-doped 

devices are showcased in Fig. 11. A noticeable distinc-
tion between the measured and corrected conductance 
plots is observed, indicative of the impact of series 
resistance and interface states on device characteris-
tics. In the case of the pure device depicted in Fig. 11a, 
the measured conductance exhibits no peaks in the 
accumulation region, unlike the corrected conduct-
ance plots, which show a distinct peak in the same 
region. This discrepancy suggests that series resistance 
contributes to loss and obscures interface trap losses. 
Figures 11c and d illustrate the comparison of meas-
ured and corrected conductance plots at 1.0 MHz for 
the pure and 10% Co-doped devices, respectively. The 
marked differences in both plots underscore the influ-
ence of series resistance and interface effects on device 
parameters. Particularly in the accumulation region, 
the discrepancy between the measured and corrected 

Fig. 10   Corrected capacitance plots of a undoped, b 10% Co-doped device. The comparison of measured and corrected capacitance 
plots of c undoped, d 10% Co-doped device at 1.0 MHz
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plots is most pronounced, emphasizing the dominant 
effect of series resistance in this region.

The Hill-Coleman method proves valuable in inves-
tigating the interface state density (Nss) of the samples. 
This approach facilitates the calculation of Nss through 
the following equation: [47]:

where the parameters were described before except 
for Cox, which is oxide capacitance, and it is calculated 
using [31]:
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Fig. 11   Corrected conductance (Gc) plots for a pure and b 10% Co-doped device. The comparison corrected and measured the conduct-
ance of c pure and d 10% Co-doped device at 1.0 MHz

Fig. 12   The interface states variations depending on frequency 
for the pure and 10% Co-doped device
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Figure 12 depicts the frequency-dependent distri-
bution of Nss for both the YbFeO3/p-Si and Co-doped 
YbFeO3/p-Si interfaces in each device. Notably, Nss 
exhibits higher values in the low-frequency range 
and lower values in the high-frequency range. In the 
lower frequency range, Nss can respond to the exter-
nal electric field, thus contributing to the capacitance 
and conductance parameters. However, at higher fre-
quencies, its ability to respond to the external electrical 
field diminishes, limiting its contribution to capaci-
tance and conductance. The pure sample demonstrates 
a sharp decrease in Nss after 200 kHz, whereas the 
doped sample shows a slower decrease after 400 kHz. 
It is evident from Fig. 12 that the pure sample exhibits 
higher interface state density than the Co-doped sam-
ple at each frequency. The 10% Co-doped YbFeO3 thin 
film enhances the quality of the MS interface proper-
ties compared to the pure contact. Consequently, it can 
be inferred that interface state density can be reduced, 
and the semiconductor substrate surface can be modi-
fied by a thin 10% Co-doped YbFeO3 interfacial layer 
between the MS contact.

Figure 13 illustrates the dependence of impedance 
on voltage for both the pure and doped devices across 
various frequency ranges. In the inversion region, 
impedance gradually increases as voltage approaches 
zero for both devices. It then peaks around zero volts 
in the depletion region, followed by a sharp decrease 
for positive voltages, and eventually stabilizes at 
higher voltages in the accumulation region for the 
undoped device in Fig. 13a. This decrease in imped-
ance can be attributed to the increasing carrier mobil-
ity with increasing frequency. The observed peak may 

be due to interface states acting as trap sites that block 
carriers, resulting in increased resistance. The imped-
ance values are measured at 5.1 × 105 Ω at 1.0 kHz 
and 594 Ω at 1.0 MHz, both at 7.0 V for the undoped 
device. The behavior of the 10% Co-doped device is 
similar, as shown in Fig. 13b, although the observed 
peak in the depletion region is not as prominent as in 
the undoped device. Additionally, the doping process 
leads to an increase in impedance compared to the 
undoped device, with impedance values measured at 
6.1 × 105 Ω at 1.0 kHz and 819 Ω at 1.0 MHz, both at 
7.0 V for the 10% Co-doped device. The insets display 
the suppressed impedance plots, which are not visible 
in the main figures.

4 �Conclusion

Thin films of pure YbFeO3 and 10% Co-doped YbFeO3 
were deposited onto p-Si substrates using the rf mag-
netron sputtering technique, maintaining a substrate 
temperature of 500  °C throughout the deposition 
process. SEM analysis revealed that pure YbFeO3 
exhibited a spongy/porous structure, while the 10% 
Co-doped YbFeO3 displayed a dense and crack-free 
surface. Electrical characterization was conducted at 
room temperature (300 K) under ambient conditions. 
The capacitance–voltage and conductance-voltage 
characteristics were measured across various frequen-
cies within the voltage range of − 4 V to 8 V.

The capacitance gradually decreased from low to 
high-frequency values. Specifically, in the accumula-
tion region, the capacitance was measured at 313 pF 

Fig. 13   Impedance (Z) variations of the a pure and b 10% Co-doped YbFeO3 devices
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at 1.0 kHz and 247 pF at 1.0 MHz for pure YbFeO3, 
and 263 pF at 1.0 kHz and 195 pF at 1.0 MHz for 10% 
Co-doped YbFeO3, both at 7.0 V. G–V measurements 
indicated that increased frequency led to increased 
conductivity due to enhanced charge mobility. Con-
ductance values were determined as 1.03 × 10–7 S 
at 1.0 kHz, 5.55 × 10–4 S at 1.0 MHz, 8.03 × 10–8 S at 
1.0 kHz, and 2.11 × 10–4 S at 1.0 MHz at 7.0 V in the 
accumulation region.

Parameters such as free carrier density, diffusion 
potential, barrier height, energy difference between 
the bulk Fermi level and valence band edge, image 
force barrier lowering, and maximum electrical 
field were obtained using C−2–V plots. Voltage and 
frequency-dependent series resistance were deter-
mined using C–V and G–V measurements. In the 
accumulation region, resistance values were approxi-
mately 11.3 kΩ at 2.0 kHz and 211 Ω at 1.0 MHz for 
undoped devices, and 29.7 kΩ at 2.0 kHz and 158.6 Ω 
at 1.0 MHz for 10% Co-doped samples, both at 7.0 V.

Impedance measurements revealed a relaxation 
peak attributable to the existence of interface states, 
with impedance values of 5.1 × 105 Ω at 1.0  kHz 
and 594 Ω at 1.0 MHz for the undoped device, and 
6.1 × 105 Ω at 1.0  kHz and 819 Ω at 1.0  MHz for 
the 10% Co-doped device, both at 7.0 V. Corrected 
capacitance and conductance results underscored the 
significant role of series resistance in the electrical 
parameters of semiconductor materials. Addition-
ally, interface state density was determined using the 
Hill-Coleman relation, highlighting its prevalence 
in the low-frequency region. The 10% Co-doped 
YbFeO3 thin film was observed to enhance the qual-
ity of the MS interface properties compared to the 
pure contact, suggesting that interface state density 
can be reduced, and the semiconductor substrate 
surface modified by a thin 10% Co-doped YbFeO3 
interfacial layer between MS contacts.
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