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ABSTRACT

This study investigates the electrical properties of the novel MIS structure TiN/Al2O3/P-Si through C-V and 
I-V analyses, employing Silvaco TCAD software for simulation. Examination of various parameters including 
frequency, temperature, oxide thickness, surface conditions, and doping levels reveals their impact on the 
device characteristics. The simulation results align well with theoretical expectations, validating the proficiency 
of the simulation approach. Temperature variation is found to influence the flat band voltage, possibly due to 
changes in oxide charge density and interface defect density, while a weak inversion zone is observed within a 
temperature range of 77 K to 300 K. Frequency dependence is notable, particularly at 1 GHz, affecting the C-V 
behavior significantly. I-V analysis uncovers asymmetrical temperature activation, indicating the presence of 
dual conduction mechanisms. Moreover, higher doping levels correlate with increased current density in the 
negative voltage regime. Simulated leakage currents for capacitors with varying dielectric thicknesses suggest 
non-uniform behavior, with electron injection from the gate leading to higher current density compared to the 
substrate due to band diagram asymmetry. This underscores the influence of decreasing oxide thickness on 
leakage current behavior.
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Introduction
An MIS capacitor, also called MOS in the case where the insulat-

ing layer is oxide-based, is a structure formed by the superposition 
of Metal - Insulator - Semiconductor heterojunctions. It is one of the 
most important elementary components in microelectronic technol-
ogy, it provides the conduction channel for MISFET transistors (MOS-
FET), it is also an essential element for the characterization of epitax-
ial layers, or to evaluate the potential of a technology. This structure 
has been widely studied in recent decades. The study of the electrical 
characteristics of MIS devices is of great importance for understand-
ing the physical characteristics, such as the nature of the interface 
between the semiconductor and the insulator. This structure can be 
compared to a capacitor made up of two conductive electrodes sepa-
rated by an insulating material [1]. The MIS diode is the most useful 
device in the study of semiconductor surfaces. Indeed, the reliabili-
ty and stability of all semiconductor devices are extremely linked to 
their surface conditions. 

Following the increasing miniaturization of MOS devices, silicon 
oxide (SiO2) has reached these limits where it is necessary to use di-
electrics other than SiO2 (𝜀𝑟 = 3.9) to be able to amplify the capaci-
tance per unit of surface. The use of high permittivity dielectrics and 
a solution allowing a capacitance value equivalent to SiO2 with larger 
films. In this case, we can limit the leakage current through the gate 
oxide (insulator) and reduce the value of the electric field which is the 
cause of electrostatic breakdown as well as leaks in the structure. For 
gate contacts it is preferable to use metals whose output work is high 
so as to increase the height of the potential barrier at the interface 
which leads to the reduction of leakage current and thus avoid prob-
lems of poly-depletion. The introduction of new metallic materials 
and High-K materials (strong insulators Permittivity) becomes man-
datory in future generations of MIS capabilities, in order to achieve 
the desired performance. These materials have very good intrinsic 
properties but certain problems appear from their integration into 
technological sectors.
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The Objectives Pursued in this Work are Divided into Two 
Parts

The first will concern the study of capacitance as a function of 
voltage for different frequencies and for different surfaces. Subse-
quently, we will study the effect of the thickness of the oxide, the dop-
ing of the substrate as well as the effect of the temperature variation 
on the capacitance of our structure. The second objective of this re-
port will focus on the study of current density as a function of voltage 
while varying certain parameters such as the effect of oxide thickness, 
doping and the temperature of the MIS structure. We used the TCAD 
“Computer-Aided Design Technology” to make a comparative study of 
the electrical behavior of the metal-insulator-Semiconductor Schott-
ky diode with different parameters such as doping, thickness of the 
insulator, temperature, etc. TCAD contains physical models for the 
description and simulation of semiconductor devices. It completely 
imitates the technological processes of Semiconductor. Essentially it 
acts as a virtual fabrication. The structure of a device is approximated 
by a finite number of discrete elements called “MESH”, which can be 
one-dimensional, two-dimensional or three-dimensional.

Structure and Geometry of the MIS Capacity
Silvaco TCAD software is used to simulate the electrical charac-

teristics of the two-dimensional MIS structure. This structure has a 
surface area of 100*100 um2 manufactured on P-doped silicon with a 
value of 1e16 cm-3, and then a thickness of 5 nm of Al2O3 is deposited 
just below a TiN metal grid.

The essential properties to consider for the gate oxide are:

1. The value of the permittivity

2. Band structure

3. The discontinuity of the bands for the transport of loads

4. Thermodynamic stability

5. The quality of the interface with the Si

6. The morphology of the film

7. Compatibility with the gate electrode and with the techno-
logical process

8. Reliability [2,3].

The main “high-κ” materials and their properties are presented 
in Table 1. Al2O3 oxide is widely studied as a dielectric of capacitive 
structures, its thermal capacity is equal to 1.97 J/K.cm3 and its ther-
mal conductivity is equal to 33W/K.cm3.

Table 1: Properties of high-κ materials (according to [4- 8]).

High-k dielectric constant 
(k) Bandgap (eV) conduction band discontinuity 

(eV)
reduction of leakage current 

compared with SiO2

thermal stability com-
pared to Si

SiO2 3.9 9 3.5 >1050°C

Si3N4 7 5.3 2.4 >1050°C

Al2O3 ~10 8.8 2.8 102-103x ~100°C, RTA

Ta2O5 25 4.4 0.36 Pas stable avec Si

La2O3 ~ 21 6 2.3

Gd2O3 ~ 12

Y2O3 ~ 15 6 2.3 104-105x

HfO2 ~20 6 1.5 104-105x ~ 950°C

ZrO2 ~ 23 5.8 1.4 104-105x ~ 900°C

SrTiO3 ~ 300 3.3 -0.1

ZrSiO4 10-12 6 1.5

HfSiO4 ~ 10 6 1.5

TiO2 80-170 3.05 ~ 0

Capacitive C-V Study of TiN / Al2O3 (5nm) / p-Si
 The Metal-Oxide-Semiconductor (MOS) structure is a very com-

mon structure in microelectronics and power electronics because it 
constitutes a fundamental part of the transistor. Hence, much effort 
has been made to explore new combinations of dielectric and con-
ductive layers so that miniaturization of MOS-based devices can be 
continued following Moore’s law [4]. The structure presented in  
Figure 1 consists of a semiconductor topped with an insulator (Al2O3) 

and a metal electrode (TiN) called a gate. The thickness of oxides of 
this type of structure can vary from a few hundred nanometers to a 
few nanometers. The equivalent electrical capacitance of the struc-
ture corresponds to the capacitance of the Cox oxide in series with the 
capacitance created at the insulator-semiconductor interface Csc. It is 
written by Eq. (1):

1 1 1

ox scC C C
= +  (1)
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Figure 1: Metal-insulator-Semiconductor structure.

In this part we will study the variation of the capacitance as a 
function of the voltage of the MIS structure and have the effect of 
different variables (like temperature, doping and etc.) on the capac-
itance curve. The curve in Figure 2 represents the variation of the 
capacitance as a function of the voltage of the MIS structure: TiN / 
Al2O3 (5nm) / p-Si with a surface area of 100*100 um2 and at high 
frequency and for a p-doped silicon substrate of value 1e16 cm-3. The 
C-V curve is very close to reality, which validates the simulation re-
sults. The characteristic of the capacitance as a function of the gate 
voltage makes it possible to give the capacitance of the Cox oxide and 
to approximately determine the operating regimes of the structure: 
the accumulation regime, the depletion regime and the inversion re-
gime. The accumulation and depletion regimes appear clearly, the in-
version regime is generally more difficult to observe on silicon-based 
MIS structures at room temperature, due to the low generation rate 
of minority carriers, the deep depletion regime is more often report-

ed in the literature [5,6]. The accumulation capacity is equal to 21nF. 
From the curve of (1/C2) - V presented in Figure 3, it is possible to 
determine the flat band voltage (VFB) which corresponds to the in-
tersection of the tangent to the curve (1/C2) - V in depletion regime 
and the axis of tensions. The flat band voltage obtained from curve 3 
is VFB = - 0.5V and the capacitance CFB ≈ 12 nThe shift of the flat band 
voltage (VFB = - 0.5V) is due to the difference in the output work Фms 
between the metal and the semiconductor, to the fixed and moving 
charges present in the insulating layer and to the charges of interface 
to the Al2O3/Si interface. VFB can be written in the form

f it
FB ms

i i

Q QV
C C

φ= − −  (2)

Where Qf fixed charges, Qit the interface charges and Ci the  
capacity of the insulating layer.

Figure 2: Variation of capacitance as a function of voltage of the TiN / Al2O3 (5nm) / p-Si structure at high frequency.

https://dx.doi.org/10.26717/BJSTR.2024.56.008869
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Figure 3: Curve of 1/C2 versus gate voltage giving the flat band voltage VFB.

We notice by continuing the polarization, the majority carriers 
are increasingly pushed back from the insulator-semiconductor in-
terface, the thickness of the ZCE is then maximum W=Wmax, such that

max
2 2scW Fi
eN
ε φ=  (3)

With ε_scthe dielectric permittivity of the semiconductor and Ф_
Fi given by the Eq. (4):

F Fi
Fi

E E
e

φ −
=  (4)

The curvature of the energy bands increases, and for a certain 
voltage, the intrinsic Fermi level E_Fi falls below the Fermi level E_
Fsc of the doped semiconductor. The surface potential Vs reaches a 
threshold for which the majority carrier density at the interface is 
equal to the minority carrier density in the semiconductor.

The threshold corresponding to the transition between the deple-
tion regime and the inversion regime is defined by Eq. (5):

s FiV φ=  (5)

In the inversion regime, the charge at the interface is conditioned 
by the depletion charges because the minority carriers are in negligi-
ble quantity compared to the density of the dopants. On the contrary, 
in the strong inversion regime, the charge at the interface is condi-
tioned by the minority carriers whose density, on the surface, is much 

greater than the density of the dopants. The threshold Vs, for which 
the density of minority carriers is equivalent to the density of the dop-
ants (p=Nd for type N or n=Na for type P), is defined by Eq. (6):

2s FiV φ=  (6)

The gate voltage corresponding to this condition is called thresh-
old voltage VTH [7]:

FisceN
TH Fi

ox

V
C

φε
φ φ= +  (7)

With Cox the surface capacity of the oxide expressed in F.m-2.

Figure 4 presents the energy band diagram, the charge distribu-
tion and the electric field distribution in an ideal MOS structure on a 
P-type substrate in the inversion regime [8]. The total charge in the 
substrate is the sum of the charges from the dopants of the QW semi-
conductor in the ZCE and the minority carriers accumulated at the Qinv 
semiconductor insulating interface. In inversion regime, the charge in 
the semiconductor is written by Eq. (8):

sc w invQ Q Q= +  (8)

We have sc w inv
sc

s s s

dQ dQ dQC
dV dV dV

= − = − −  (9)
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With 
w NW

w
w

s

Q e
dQC
dV

= − 
 
 = −  

 (10)

 
The capacity of the Csc interface is maximum in inversion mode, 
because the ZCE is maximum (W=Wmax). The total capacity of the 
structure is then written by Eq. (11):

1 1 1

ox w invC C C C
= +

+
 (11)

With Cox the capacitance of the oxide, Cw capacitance due to the 
ZCE and Cinv capacitance due to the minority carriers accumulated at 
the insulator-semiconductor interface as shown in Figure 5.

Figure 4: Ideal MIS structure in inversion regime.

Figure 5: Equivalent schematic of the MIS structure.

https://dx.doi.org/10.26717/BJSTR.2024.56.008869
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Study of the Capacity for Different Values of Oxide  
Thickness

In this part, we vary the thickness of Al2O3 to show the influence of 
the thickness of the oxide on the C-V curve while retaining the doping 
at 1e 16 cm-3 and the frequency at 1KHz. Figure 6 gives the simulated 
C-V characteristics for different Al2O3 thicknesses over five 100*100 
μm² MIS capacitors comprising TAl2O3 oxide thicknesses of 1, 2, 3.4 
and 5 nm. From this curve we notice that the variation in the thickness 
of the oxide acts on the C-V characteristic at the level of accumulation 
and depletion regime, while at the inversion regime no variation is 
observed. Indeed, for semiconductors whose majority carriers are 
holes (P-type semiconductor), an accumulation of majority carriers is 
formed at the insulator-semiconductor interface for Vg<VFB. In a first 

approximation, the capacity of the interface can be negligible and the 
equivalent capacity of the structure is then written by Eq. (12):

1 1

oxC C
=  (12)

Indeed, in accumulation, the MIS capacitance is equivalent to a 
plane capacitor with a thickness equal to the thickness of the Tox in-
sulation and whose capacitance of the insulating layer is given by Eq. 
(13):

1 ox

ox ox

s
C T

ε
=  (13)

Figure 6: C-V characteristics of the MIS structure for different thicknesses of Al2O3.

From this last equation and Figure 6, we can see that the difference 
between the C-V curves increases with decreasing oxide thickness. In-
deed, the more the thickness of the oxide decreases, the greater the 
quantum confinement effects, thus leading to a strong overestimation 
of the capacity (Figure 7). The work output of the TiN electrode will 
be determined from the value of the flat band voltage using the rela-
tionship Eq. (14):

2
f g f

FB M S S
ox ox

E Q
V x B

C q C
φ

φ φ ϕ
 

= − − − + + − 
 

 (14)

With lnB A
B

i

K T N
q N

ϕ
 

=  
 

 (15)
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Figure 7: 
a) Energy diagram of a MOS structure (Si type p) in equilibrium situation (VG=0) and 
b) After charge transfer in the flat band condition (VG= VFB).

Figure 8: Flat band voltage as a function of gate oxide thickness. Extrapolation of the curve for zero Al2O3 thickness makes it possible to overcome 
fixed charges in the oxide.
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Determining the output work of the electrode requires a prio-
ri knowing, in addition to the flat band voltage, the density of fixed 
charges in the insulator Qf. However, it is possible to overcome this 
parameter by defining the flat band voltage that we would have in 
the absence of oxide. This is obtained by extrapolating the VFB-tox 
characteristic presented in Figure 8 for a zero Al2O3 thickness. The 
flat band voltage obtained in this case is equal to -0.64 V. This value 
then corresponds to the difference between the output work of the 
electrode and the semiconductor 𝜙M - 𝜙S. Depending on the char-
acteristics of the silicon substrate (NA= 1e16 cm-3 and Ni= 1010 cm-3 
gives 𝜙S = 5eV) we obtain for the TiN electrode deposited on Al2O3 an 
output work equal to 4.36 eV. Extrapolation of the curve for zero Al2O3 
thickness makes it possible to overcome fixed charges in the oxide.

Study of the C-V Characteristic for Different Surfaces of the 
MIS Structure

 The surface of the structure having great importance in the field 
of nanoelectronics, for this the study of the capacitance as a function 
of the voltage for different surfaces is given in Figure 9. This figure 
shows the proportionality relationship between the capacitance and 
its surface as shown by the Eq. (16):

2 3o Al O
ox

ox

sC
T

ε ε
=  (16)

Figure 9: Variation of capacitance versus voltage for different surfaces.

We notice from this curve that the value of the capacity in the ac-
cumulation regime increases with the increase in the surface area of 
the structure. In the inversion regime we notice that there is superpo-
sition of the capacity curves for different surface values. We therefore 
deduce that the surface of the MIS structure acts on the C-V character-
istic only at the level of the accumulation and depletion regime.

Study of the C-V Characteristic for Different Doping Values 
of the Substrate

In this part, we present a modeling to simulate the effect of sub-
strate doping on the C-V characteristic of our TiN / Al2O3 (5nm) / p-Si 
structure for a surface of 100*100um2 and at high frequency 1KHz. 
The deformations of the C-V curves generated by various doping val-
ues are presented in Figure 10. The uniformity of the insulation thick-
ness over the entire surface of a wafer (silicon wafer) is a key parame-

ter to guarantee the same characteristics electrical connections from 
one component to another. This curve shows the evolution of the C-V 
curve as a function of the doping of the substrate. The parts of the C-V 
curve that depend only on substrate doping correspond to the sub-
strate depletion and inversion regime. On the other hand, the accu-
mulation regime is not affected by this variation in the doping profile. 
The voltage of flat bands varies with the variation of the doping value 
on the C-V characteristic of the MIS structure. The Nsub doping con-
centration of the substrate is related to the inverse of the slope of the 
1/C2 curve as a function of the VG voltage. The doping concentration 
is calculated by [9] (Eq. (17)):

2
2

2
1/sub

s
G

N
Cq A

V
ε

=
 ∆
 ∆ 

 (17)
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Figure 10: Variation of capacitance as a function of voltage for different substrate doping values.

Study of Capacity as a Function of Frequency

In this part we studied the variation of the capacitance as a func-
tion of frequency for our MIS structure with a surface area of 100*100 
um2 and for a doping value equal to 1e16 cm-3. Figure 11 shows the 
simulated C-V characteristics for varying ac signal frequencies from 
1 kHz to 1 GHz. The high frequency C-V characteristics show a strong 
decrease in capacitance for frequencies above 1 MHz, this demon-
strates the presence of a high density of states in the oxide, and these 
states can follow the low frequency ac signal, but cannot follow the 
AC signal for high measurement frequencies, which causes the capac-
itance (dispersion) to drop. Dispersion can also result from series re-
sistance created by the lightly doped semiconductor [10]. We deduce 
from this curve that the effect of frequency on the C-V characteristic 
only appears for the 1 GHz frequency whereas for the 1 KHz, 10 KHz, 
100 KHz and 1 MHz frequencies the C-V characteristics do not change 
and are superimposed on each other, on the other. The capacity de-
creases for the 1 GHz frequency and reaches a value of around 1.4e-10 

F. We also note that the variation in frequency only acts on the accu-
mulation regime of the C-V curve.

Study of Capacity as a Function of Temperature

Figure 12 represents the variation of the capacitance as a function 
of the voltage for different temperature values ranging from 77 K to 
800 K and for a frequency of 1 KHz. The variation of the temperature 
for the MIS TiN / Al2O3 (5nm) / p-Si structure leads to the variation 
of the C-V characteristic for the three operating regimes (accumula-
tion, depletion and inversion). We also note that the increase in tem-
perature is accompanied by the decrease in the flat band voltage, and 
this may be due to the reduction of the total charge density in the 
oxide and the defect density at the interface [11]. At low temperature 
77 K up to ambient temperature 300 K, the C-V characteristic has a 
weak inversion zone while beyond 300 K we find a strong inversion 
zone; here the holes are pushed back with the appearance of an elec-
tron-rich layer near the semiconductor interface.

https://dx.doi.org/10.26717/BJSTR.2024.56.008869
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Figure 11: Variation of capacitance as a function of voltage for different frequencies ranging from 1 KHz to 1 GHz.

Figure 12: Simulated C-V characteristic of the TiN/Al2O3 (5nm)/P-Si capacitance with a surface area of 100x100 μm² for a range of T= [77,800] K.
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Current Study of TiN/Al2O3 (5nm)/p-Si Structure
Grid Current

The search for a minimum gate current density is a determining 
element in the integration process of high-K oxides. In Table 2 we find 

some examples of current density reported on Al2O3 by different au-
thors. Compared to SiO2, the Al2O3 oxide leads to a reduced current 
density of the order of 2 to 3 decades [12].

Table 2: Current density reported for Al2O3 oxide by several authors.
Références Density of current toVg 1V (A/cm2) Thickness Physical Method deposit Substrate Noticed

[Groner 2002] 1x10-9 12 nm ALD n-Si(100) Dépôt à 177°C

[Besling2002] 2x10-7

1 nm Al2O3+

3 nm ZrO2+

1 nm Al2O3

ALD p-Si(001) Recuit à 400°C

[Yang2000] 1x10-10 6 nm ALD SiO2/Si Dépôt à 350°C

[Johnson2001] 1x10-7 2,3 nm PECVD SiO2/p-Si Dépôt à 300°C

Current-Voltage Characteristics

Figure 13 shows the variation of the absolute log of the current 
density as a function of the voltage Vg applied to the MIS structure at 
ambient temperature. From this graph, we see that:

a. Current density increases for voltages above and below 0.3V

b. The current characteristic in the case of SiO2 is the same as 
that of Al2O3, which shows that the injection mechanism is the same 
for both structures.

c. At the same oxide thickness of 5nm, we notice that the cur-
rent density of the High-K oxide Al2O3 is greater than that of the stan-
dard oxide SiO2 (shift of two decades).

d. The rapid increase in current density observed in the case 
of the metal grid structure suggests a Fowler-Nordheim type conduc-
tion mechanism. The current-voltage characteristic was modeled by a 
Fowler-Nordheim model in the accumulation regime (forward polar-
ization regime) and inversion (reverse polarization regime) of silicon.

e. The shift from zero in the current density is explained math-
ematically by the following equation Eq. (18):

1 16ln 26 ln 0.29 0.3
1 11

B A
B

i

K T N emeV
q N e

ϕ
   = = = ≈   

  
 

(18)

Figure 13: Variation of current density as a function of voltage for the MIS TiN/Al2O3 or SiO2 (5nm)/P-Si structure.
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Current Versus Voltage for Different Thickness of Al2O3 Ox-
ide

In this paragraph we will see the effect of the Al2O3 oxide thick-
ness on the current behavior of the MIS TiN/ Al2O3 / P-Si structure 
with a surface area of 100x100 μm². In Figure 14 we represent the 
simulated leakage currents in negative polarization (injection of elec-
trons through the upper interface) and in positive polarization (injec-
tion of holes through the lower interface) in seven TiN/ Al2O3 / P-Si 
capacitors, whose dielectric thickness varies from 4 to 10 nm each 
time. In this case, the curves overlap with a shift of approximately 3 

decades by a variation of 1nm in the thickness of Al2O3 oxide. It can 
be noted that the current density is higher for injection from the gate 
than from the substrate. This phenomenon is due to the asymmetry of 
the band diagram of the structure [13-18]. The position of the charge 
does not have the same impact on the two currents because the prob-
ability of passage of electrons is different depending on the injecting 
electrode (grid or substrate). The asymmetry, observed when the 
current decreases, suggests a non-uniform distribution of charges 
trapped in the insulation. In this case the leakage current through the 
oxide increases with decreasing oxide thickness.

Figure 14: Variation of the Absolute Log current density as a function of the gate voltage for MIS devices based on Al2O3 of different thicknesses.

Current Versus Voltage for Different Substrate Doping Val-
ues

For the same surface S = 100*100 um2, the TiN/ Al2O3 / P-Si struc-
ture was simulated for different doping values ranging from an un-
doped substrate to a doped substrate 1e16 cm-3 as shown in Figure 15. 
We note that the current density is minimal in the negative voltage 
regime for the undoped MIS structure, whereas in the positive voltage 
regime the current density does not depend on the substrate doping 

values. In the negative voltage regime the current density increases 
with increasing doping values.

Current Versus Voltage for Different Temperature Values

The temperature dependence with leakage current is studied to 
understand the current transport mechanism. This current is simu-
lated in a temperature range of 280K up to 440K with a step of 20K as 
shown in Figure 16.

https://dx.doi.org/10.26717/BJSTR.2024.56.008869
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Figure 15: Variation of the Absolute Log of current density as a function of the gate voltage for different substrate doping values.

Figure 16: Variation of the Absolute Log of current density as a function of the voltage in a temperature interval varying from 280 K to 440 K with 
a step of 20 K.
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Depending on the direction of injection of the carriers, we can 
observe a significant asymmetry in terms of temperature activation.

1. Injection of electrons from the grid (VG < 0): In the MIS struc-
ture, very weak temperature dependence is observed and this 
confirms that the predominant conduction mechanism is of 
the Fowler Nordheim type.

2. Injection of electrons from the substrate (VG > 0): In the re-
gime of injection of carriers from the substrate, the tempera-
ture dependence is greater, which indicates that the conduc-
tion is assisted by traps (notably in the Al2O3 dielectric of 5 
nm), unlike Fowler Nordheim type conduction.

Conclusion
The research focuses on exploring the electrical characteristics 

C-V and I-V of the MIS structure TiN/Al2O3/P-Si, simulated using Silva-
co TCAD software. The analysis showcases proficiency in simulation 
techniques, with numerical simulations aligning well with theoretical 
curves from literature. Notably, asymmetry in temperature activation 
based on carrier injection direction is observed, with weak tempera-
ture dependence in electron injection from the grid indicating Fowler 
Nordheim conduction and greater temperature dependence in elec-
tron injection from the substrate suggesting trap-assisted conduction. 
Moreover, increasing doping values lead to higher current density in 
the negative voltage regime. The study also highlights that the sur-
face and oxide thickness of the MIS structure significantly influence 
the C-V characteristic during accumulation and depletion regimes. 
Additionally, the temperature-dependent analysis of the MIS TiN/
Al2O3/P-Si structure reveals variations in the C-V characteristic across 
accumulation, depletion, and inversion regimes. As temperature in-
creases, there is a decrease in flat band voltage possibly due to re-
duced total charge density in the oxide and interface defect density. 
Notably, a weak inversion zone is observed at temperatures between 
77 K and 300 K, transitioning to a strong inversion zone beyond 300 K 
where an electron-rich layer near the semiconductor interface repels 
holes. Frequency also plays a significant role in the C-V characteristic, 
particularly at 1 GHz, impacting the accumulation regime notably.
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