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Abstract 

The influence of bottom electrode material on the morphological and frequency-dependent 
electrical characteristics of RF-sputtered HfO₂ thin-film metal–insulator–metal (MIM) 
capacitors was systematically investigated. Two capacitor structures, namely Al/HfO₂/Pt and 
Al/HfO₂/Al, were fabricated by depositing a 100 nm HfO₂ dielectric layer using RF magnetron 
sputtering on platinized Si and Al-coated SiO₂ substrates, respectively. Further, circular 
aluminum top electrodes with a thickness of 300 nm and a diameter of 500 μm were deposited 
by thermal evaporation technique using shadow mask. The surface morphologies were 
characterized by atomic force microscope (AFM). The electrical properties were measured by 
Keithley 4200A-SCS semiconductor parameter analyzer by C-V and G-V measurements for 
voltage sweep ranges ±2 V, ±5 V, and ±10 V with frequencies of 100 kHz to 1 MHz. By AFM 
measurements, it has been found that HfO₂ thin films had smooth and uniform morphologies 
with RMS roughness of 4.40 nm and 4.90 nm for Pt- and Al-based structures, respectively. It 
is found that both capacitors had normal frequency dependence with capacitance, dielectric 
constant, capacitance density, dielectric loss, quality factor, conductance, and parallel 
resistance depend strongly on the measurement frequency. On the contrary, the Al/HfO₂/Pt 
structure showed relatively low dielectric loss, higher quality factor, high parallel resistance, 
and better surface morphology, indicating good dielectric insulator property and low 
dissipation of energy. The conclusion drawn from these studies is that bottom electrode material 
determines the properties of dielectric/electrode interface and controls the frequency dependent 
electrical characteristics of sputtered HfO₂ thin film MIM capacitors. This knowledge will be 
helpful in designing HfO₂ based dielectric capacitors for high frequency analog and RF 
applications. 

Keywords: HfO₂ thin films; Metal–insulator–metal capacitors; RF magnetron sputtering; 
Bottom electrode; Dielectric constant; Frequency-dependent electrical characteristics. 
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1. Introduction  

The advancement in microelectronics and communication technologies as well as the 
development of IC fabrication technologies has substantially boosted the demands for smaller 
electronic devices that operate at faster speeds and consume lesser energy besides being more 
reliable and having higher integration densities. The shrinking trend of semiconductor devices 
under Moore's law has led to the need for stringent specifications on the dielectric materials 
employed in capacitors, transistors, RF circuits, and memories. The commonly used 
conventional silicon dioxide (SiO₂) as a dielectric material has been rendered impractical due 
to its scaling limit since its aggressive reduction leads to significant tunneling leakage currents, 
reduced dielectric reliability, and power losses. Hence, extensive research work has been 
carried out with the aim of replacing the conventional SiO₂ with other high dielectric constant 
(high-k) materials to offer higher capacitance values with physically thick insulator layers. 
Such high-k dielectrics are essential for minimizing leakage current, achieving better 
electrostatic control, and improving device reliability without violating scaling demands [1-5]. 

Of all the possible high-k dielectrics studied during the last two decades, one of the most 
interesting is hafnium oxide (HfO₂), which is characterized by an exceptional combination of 
electrical, physical, and chemical properties. HfO₂ features relatively high dielectric constant 
(around 20–25), relatively wide band gap (around 5.7–5.9 eV), relatively high dielectric 
breakdown strength, good thermal stability, good chemical stability, small diffusion coefficient, 
and extremely good CMOS compatibility. The above properties help to eliminate the 
drawbacks typical of common dielectric materials while retaining excellent compatibility of 
the dielectric material with current semiconductor fabrication techniques. Moreover, HfO₂ thin 
films may be fabricated using some relatively mature methods for fabricating thin films such 
as ALD (atomic layer deposition), MBE (molecular beam epitaxy), PLD (pulsed laser 
deposition), CVD (chemical vapor deposition), and RF magnetron sputtering [2-8]. 

The extraordinary versatility of HfO₂ has led to the wide use of this oxide in many advanced 
electronic devices such as gate dielectrics of MOSFETs, MIM capacitors, DRAMs, RRAMs, 
FeRAMs, FeFETs, MEMS, and RF passive devices. Moreover, recent years have seen the 
rising interest in the study of HfO₂ due to its excellent scalability and ability to possess different 
functionalities depending on the deposition conditions, crystallographic phase, and interface 
engineering. Many studies have shown that proper control of deposition parameters, thickness 
of the film, concentration of oxygen vacancies, residual stress, crystallization behavior, and 
interface between the dielectric and electrode can significantly affect the structure and electrical 
properties of the HfO₂ thin films. That is why HfO₂ has become one of the most widely studied 
dielectric materials for conventional applications and novel electronics [3–10]. 

Within these applications, the metal–insulator–metal (MIM) capacitors have a very special 
place due to being one of the basic passive elements used in the current integrated circuits. 
MIM capacitors are widely used in analog, mixed signal, radio frequency (RF), microwave and 
high-frequency communications circuits due to their good linearity, high frequency stability, 
low parasitic resistance, high capacitance density, and BEOL fabrication process compatibility. 
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Unlike the conventional metal–oxide–semiconductor (MOS) capacitors, MIM capacitors 
typically show less voltage dependency, fewer parasitics, better quality factors and improved 
performance at high frequencies. All these features make them suitable for applications like 
analog-to-digital converters, voltage-controlled oscillators, filters, impedance matching, 
decoupling circuits, energy storage devices, and RF integrated circuits. With the increase in the 
integration density and reduction of the working voltage in the semiconductor technology, the 
need for high-performance MIM capacitors with better dielectrics and long term reliability has 
greatly increased [8–13]. 

The electrical behavior of MIM capacitors based on HfO₂ is largely dependent on the inherent 
dielectric behavior of the insulating film as well as the nature of the dielectric–electrode 
interface. There have been several reports suggesting that the improvement in dielectric 
constant, capacitance density, leakage behavior, breakdown field, dielectric losses, and lifetime 
of the device can be accomplished through appropriate manipulation of the dielectric 
composition, deposition conditions, dielectric interface, and crystalline structure. The methods 
such as Al doping, multilayer dielectric design, defect passivation, annealing, and interface 
engineering have been thoroughly explored for the enhancement of the dielectric behavior of 
the HfO₂ thin film. Similarly, recent review papers have pointed out that electrode selection, 
thin-film microstructure, defect behavior, oxygen vacancy, and deposition method altogether 
govern the electrical performance of HfO₂-based capacitors. It is quite evident from the above 
discussion that dielectric behavior cannot be explained in terms of the dielectric material alone 
but is the consequence of an interplay between the dielectric film, electrode material, and 
processing technique [9-15]. 

As a result, the interdependence of the microstructure of thin films, their dielectric properties, 
and the performance of devices based on them has become one of the key problems in 
electronic devices with HfO2 layers. Many studies were thus conducted to clarify how 
deposition methods, material composition, defect engineering, crystallization process, and 
quality of interfaces affect the electrical properties of HfO2 thin films. Despite the great 
achievements in this field, there are still some significant problems connected with thin film 
morphology, electrical properties controlled by interfaces, and electrode materials which 
require further investigation. It is necessary for the enhancement of HfO2-based MIM capacitor 
performance in future electronics, radio-frequency (RF), and energy storage applications. 

The electrical properties of the HfO2 thin film are very much dependent on its microstructure 
that itself depends a lot on the preparation technique and the associated film growth 
mechanism. Therefore, the deposition method becomes critical in deciding the density, 
crystalline structure, grain size, surface morphology, interface quality, and the defect nature in 
the HfO2 films, influencing the dielectric behavior of HfO2-based devices. Some of the 
deposition methods used for preparing the HfO2 thin films are ALD, MBE, PLD, CVD, and 
magnetron sputtering. Out of all these methods, RF magnetron sputtering has become quite 
popular due to some of its attractive features like thickness control, uniformity of deposition, 
high deposition rate, adhesion, low processing cost, and compatibility with the industrial 
fabrication process of semiconductors. 
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Moreover, the process of sputtering offers accurate control over the parameters of film 
deposition, like the operating pressure, RF power, substrate temperature, and oxygen partial 
pressure, and therefore makes it possible to vary the structural and electrical properties of the 
HfO₂ thin films systematically. Several investigations have shown that changes in the 
sputtering conditions can affect the orientation of crystals, grain size, oxygen vacancies, 
interface formation, and surface morphology [16-19]. 

In terms of the many parameters that influence the properties of a dielectric, the surface 
morphology has been found to be one of the most important because it influences interface 
uniformity, local electric field distribution, thickness uniformity, and mechanisms of charge 
transport. The smoother and more uniform the surfaces of thin films are, the lower the trap 
density at interfaces, lower the electric field concentration, higher the dielectric reliability, and 
better the electrical stability. On the other hand, the rougher the surface of thin film is, the 
higher the possibility of local electric field enhancement, which causes an increase in leakage 
currents, dielectric loss, electrical breakdown, and degradation of capacitor properties. It is 
therefore essential to characterize the morphology of thin films as an integral part of analysis 
of high-k dielectrics. Atomic Force Microscopy (AFM) is one of the most efficient techniques 
that can be used to characterize the surface morphology of a sample on a nanometer scale since 
it offers precise data on surface roughness, grain size distribution, particle aggregation, and 
topographic uniformity of the surface. 

The electrical properties of HfO₂ thin films depend not only on the morphology but also on the 
intrinsic defects and interfaces. Oxygen vacancies, grain boundaries, dangling bonds, and 
dielectric-electrode interface states serve as electrically active defects affecting the processes 
of charge trapping, dielectric polarization, dielectric relaxation, and conduction. The oxygen 
vacancies serve as a dual factor in the case of HfO₂ thin films. Though the low concentration 
of oxygen vacancies can affect the processes of crystallization and dielectric polarization, the 
high concentration of oxygen vacancies leads to the formation of the defect-assisted conducting 
channels, increasing the leakage current and dielectric losses and deteriorating the electrical 
properties of HfO₂ thin films. In the same way, the grain boundaries and interfacial defects act 
as preferred channels of charge transfer affecting frequency-dependent dielectric properties of 
thin films. Therefore, the recent works are mostly concentrated on the optimization of defect 
engineering, interface passivation, and film deposition techniques to reduce the concentration 
of electrically active defects. It has been shown that electrical properties of HfO₂ capacitors 
result from the combined effect of composition, defects, and interfaces, rather than dielectric 
permittivity [10–15, 20–22]. 

The interface between the electrode and the dielectric is another vital factor controlling the 
behavior of HfO2 capacitors since the interface controls the charging characteristics, the 
polarization at the interface, electric field, and long-term electrical stability. The bottom 
electrode, besides being a source of electrical contact to the thin film capacitor, greatly 
influences the nucleation process, residual stresses, crystal growth, grain orientation, and defect 
formation in the dielectric layer. Differences in work function, thermal expansion coefficients, 
surface energies, and chemical activity between various electrodes may change the 
microstructure of the interface and, hence, electrical properties of the capacitor. Several recent 
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studies of HfO2 based dielectric and ferroelectric structures proved that the selection of 
appropriate electrodes has a great impact on the dielectric constant, leakage currents, 
breakdown strength, polarization stability, and reliability of these devices [23]. Noble metal 
electrodes like Pt form stable interfaces with decreased oxidation effect, while Al electrodes 
are compatible with processing, have low resistivity, and wide applications in IC technologies. 
Nevertheless, the impact of these electrodes on the electrical properties of sputtered HfO2 
capacitors still needs further study [7, 12–15]. 

The dielectric properties of HfO₂ thin films can be studied by electrical characterization as it 
allows one to examine the polarization mechanisms, interface states, dielectric relaxation, and 
frequency response in the presence of an electric field. In the existing methods for 
characterization, capacitance-voltage (C–V) and conductance-voltage (G–V) methods are 
especially useful, as they allow revealing the variations in the capacity for charge storage, 
dielectric polarization, quality of the interface, and frequency response [24]. It should be noted 
that C–V and G–V measurements conducted within a broad range of frequencies make it 
possible to determine several critical dielectric parameters, such as dielectric constant (k), 
dielectric loss (tan δ), quality factor (Q), capacitance density (C/A), parallel resistance (Rp), 
equivalent impedance, and energy storage capability. The set of the aforementioned dielectric 
parameters allows obtaining the overall assessment of the dielectric material performance, 
which makes it possible to compare capacitor structures quantitatively. As the process of 
polarization and dielectric relaxation depends significantly on the operating frequency, 
frequency dependent characterization becomes especially valuable when studying dielectric 
materials that can be used for RF applications [4, 8, 13, 23]. 

Whereas there have been many studies on the effect of deposition conditions, defect 
engineering and electrical characterization in HfO2 based capacitors, relatively little work has 
been done to understand how various bottom electrode materials affect both thin-film 
morphology and dielectric properties at various frequencies when processed under the same 
conditions. Considering the fact that the bottom electrode dictates the nature of the interface 
developed in the process of forming the films, the use of different materials in forming the 
electrodes can affect nucleation, roughness, crystallinity and defects, which will in turn affect 
capacitance and dielectric loss [25, 26]. 

In recent years, many scientific works have been focused on the improvement of the electrical 
characteristics of the HfO2-based capacitors due to material and interface engineering, 
deposition process and structural optimization. Many experiments have shown that the 
improvement of dielectric characteristics can be achieved by controlling the phase, decreasing 
defect concentration, inhibiting leakage channels, and improving the dielectric-electrode 
interface. Different methods have been proposed to optimize such parameters as dielectric 
constant, breakdown field, capacitance density, and reliability; those include Al doping, 
multilayer structure, oxygen vacancy engineering, thermal annealing, and interface passivation 
[27,28]. At the same time, there have appeared many review papers indicating that the electrical 
properties of HfO2 films can not be described by intrinsic dielectric properties only; the 
electrical properties of HfO2 films depend on the complex interactions between microstructure, 
interface chemistry, processing conditions, and electrodes [29, 30]. It may be concluded that 
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both optimizations are necessary to achieve stable electrical properties of HfO2 based 
capacitors [9-18]. 

Much of the research carried out so far has been devoted to the topic of dielectric composition 
optimization for enhancing capacitor performance. This has been evident from the use of 
aluminum in hafnium dioxide, which is known to influence the phase formation of the dielectric 
layer, reduce the leakage current, improve the stability of the dielectric layer, and provide long-
term reliability. Similarly, there have been suggestions about the use of multiple layers of 
dielectrics and graded doping techniques in order to improve the capacitance density while 
keeping the leakage current at an acceptable level [31]. While it is true that these techniques 
are able to highlight the role of dielectric optimization, the dielectric layer is being optimized 
through changes in its chemical composition. This means that it becomes hard to determine 
whether the improvement is due to dielectric optimization or the effect of the electrode material 
[15-16]. 

The recent research works have also emphasized the important role played by the design of the 
electrode in governing the structural and electrical properties of hafnium dioxide thin films. 
The studies conducted on ferroelectric HfO2 and HfZrO2 systems have revealed that the bottom 
electrode plays a crucial role in dictating the crystallization process, residual stress, oxygen 
vacancy profile, phase stability and polarization behavior [32-33]. The variation in the work 
function, interface energy and thermal expansion properties of the electrodes alters the 
nucleation process and affects the electrical properties of the dielectric layer. In addition, the 
annealing properties of the electrode material also affect the interface chemistry, defect 
generation and electrical endurance. It is evident from these studies that the bottom electrode 
is not only a passive electrode but also an active element that controls the thin film formation 
process and dielectric performance [34]. However, most of these studies have been conducted 
for ferroelectric HfO2 and HfZrO2 systems wherein the main aim is to optimize the switching 
characteristics, remanent polarization and memory performance [35, 22]. 

Another key area coming to light through recent literature is the increasing use of frequency-
dependent electrical characterizations. C-V, G-V, impedance spectroscopy, and dielectric 
spectroscopy have become necessary for dielectric relaxation, interface polarization, charge 
trapping, and frequency stability characterization of HfO2-based structures. It has been shown 
in previous studies that electrical properties like capacitance, conductance, dielectric constant, 
dielectric loss, and impedance show high frequency dependence since different types of 
polarizations become dominant at various time scales [36]. Therefore, multi-frequency 
electrical characterization results in much more information than characterization done at one 
particular frequency. On the other hand, most of the research works available only include 
certain electrical parameters or concentrate mainly on leakage current, breakdown phenomena, 
and polarization. Detailed extraction and comparison of various dielectric properties such as 
dielectric constant (k), dielectric loss (tan δ), quality factor (Q), capacitance density (C/A), and 
parallel resistance (Rp) from the same experimental data set are not common, especially for 
sputtered HfO2-based dielectric capacitors [37]. 
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Along with electrical measurement, another important aspect of research has emerged which 
is concerned with the correlation between surface morphology and electrical characteristics of 
the thin films. Some studies have shown that there is a strong dependence of the morphology 
parameters on deposition parameters, leading to the change of the grains sizes, surface 
roughness, crystallinity, and defect density and, as a consequence, to changes in the dielectric 
characteristics and charging mechanisms [38]. The atomic force microscopy has become one 
of the most frequently used methods of nanoscale surface morphology analysis for HfO₂ thin 
films. However, despite that both the morphological and electrical characterization is 
performed in a majority of research works, no correlation between these parameters was 
introduced in many cases. Thus, the direct effect of the surface morphology on the frequency 
dependent dielectric characteristics is not sufficiently studied [39]. 

Despite considerable progress in the field due to the reviewed literature, there are still several 
key areas that lack research. Most of the current literature is devoted to either ferroelectric HfO₂ 
compounds, memories, gate dielectrics, memristors, composition engineering of dielectrics, or 
improving reliability by means of doping and annealing. Research related to dielectric HfO₂ 
thin film deposition by means of RF magnetron sputtering technique is not abundant; at the 
same time, experiments with dielectric films produced using different bottom electrodes under 
identical conditions are even more rare [40]. In addition, very few studies use a combination 
of information about thin-film morphology obtained from AFM measurements with multi-
frequency C-V/G-V analysis to examine the effect of the bottom electrode material choice on 
such characteristics as dielectric constant, loss, quality factor, capacitance density, and parallel 
resistance in various voltage sweep ranges [41]. 

These findings indicate a definite area that needs further examination. A study carried out in 
similar conditions of deposition by varying only the bottom electrode material while keeping 
the same thickness of HfO2, deposition method, shape of the top electrode, and test electrical 
conditions would offer invaluable information regarding the influence of the dielectric-
electrode interface on capacitor behavior. This way, it is possible to isolate the influence of the 
bottom electrode from other fabrication parameters and obtain a better understanding of the 
effect of the interface on both morphology and electric characteristics. The information gained 
through such a study should help in the development of efficient HfO2-based MIM capacitors 
[42]. 

Inspired by the above facts, the current research attempts to offer a thorough experimental study 
into the effect of the material used for the bottom electrode on the morphology and frequency 
dependent electrical properties of HfO₂ thin film MIM capacitors. In contrast to the past 
investigations, which have concentrated their efforts mainly on the manipulation of dielectric 
composition, ferroelectric phase formation, and reliability improvement by means of doping 
and post-deposition processing, the current study has attempted to keep the same dielectric 
thickness, deposition parameters, shape of top electrode, and electrical characterization 
technique, with the only difference being in the type of material used for the bottom electrode 
[43]. 
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In this regard, thin films of 100 nm thick HfO2 have been deposited via radio frequency (RF) 
magnetron sputtering on two different materials used as bottom electrodes, namely, Pt coated 
Si and Al coated SiO2, and top circular aluminum electrodes are fabricated in order to form 
MIM capacitors consisting of Al/HfO2/Pt and Al/HfO2/Al structures. Since identical processing 
conditions have been utilized in the fabrication of two different capacitor structures, the 
variations caused by the process can be minimized and a better comparison of the effects of the 
bottom electrode on film growth and electrical properties can be obtained. Because of the 
physical and chemical differences between Pt and Al such as work function, surface energy, 
oxidization reactions, and interface chemistry, these two different materials will affect the 
nucleation, microstructure development, defect formation, and interaction between the 
dielectric and the electrode in film growth [37]. 

In order to determine the interrelationship between morphology and electrical performance, the 
synthesized thin film structures were studied using atomic force microscopy (AFM) as a tool 
for investigating surface morphology and roughness. The data on the development of surface 
structure at the nanometer scale obtained from the AFM analysis can be considered as a 
quantification of the grain growth, interface uniformity and defect nucleation. The 
morphological studies were then linked to electrical characterization to explore whether the 
morphological variations have an effect on the dielectric performance of the MIM capacitors 
fabricated. This approach is particularly essential since electrical performance is usually 
evaluated separately from morphological data [44]. 

Electrical properties of the two capacitors were analyzed by systematic C-V and G-V 
measurements performed using a Keithley 4200A-SCS semiconductor parameter analyzer over 
a broad range of frequencies from 100 kHz to 1 MHz. The frequency dependence of the 
capacitor performance, along with the effect of electric field applied to it, was studied by means 
of three different voltage sweep values (±2 V, ±5 V, and ±10 V). Along with typical capacitance 
and conductance analysis, a number of dielectric parameters such as dielectric constant (k), 
dielectric loss (tan δ), quality factor (Q), capacitance per unit area (C/A), and parallel resistance 
(Rp) were obtained [45]. 

A unique aspect about the current study is that all parameters extracted from the dielectric 
analysis have been analyzed uniformly at different frequencies and at different voltage sweeps 
for both Pt- and Al-based MIM capacitor designs. The experiment avoids using a single 
criterion for electrical analysis; rather, the study employs a combination of morphological and 
frequency dependent dielectric analysis in order to have a more holistic view of the underlying 
mechanisms of the capacitors' performance. Such an experimental design allows one to 
understand how the interplay between interfacial properties, dielectric polarization, and energy 
dissipation depends on the bottom electrode materials used [46]. 

The results obtained in this study will be helpful in the optimization of HfO2-based capacitors 
for high-frequency and microelectronic devices due to the importance of the choice of the 
bottom electrode for determining the morphology and electrical characteristics of the thin film. 
The current study not only provides a comparative analysis of the structures of Al/HfO2/Pt and 
Al/HfO2/Al capacitors but also suggests a new systematic approach involving AFM 
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morphology and multi-frequency dielectric characterization for the evaluation of sputtered 
HfO2 thin films. The results are expected to help in designing and manufacturing high-k MIM 
capacitors, which are needed for advanced microelectronic devices like analog and mixed-
signal devices [22, 23]. 

 

2. Experimental Methodology 

2.1 Materials and Device Fabrication 

Two different metal–insulator–metal (MIM) capacitor structures were fabricated to investigate 
the influence of bottom electrode material on the morphological and frequency-dependent 
electrical characteristics of HfO₂ thin films. The first structure consisted of Al/HfO₂/Pt, 
fabricated on a platinized silicon substrate, while the second structure consisted of Al/HfO₂/Al, 
fabricated on an Al-coated SiO₂ substrate [12-13]. 

Prior to thin-film deposition, both the platinized silicon and SiO₂ wafer substrates were cut into 
small pieces of suitable dimensions. The substrates were subsequently cleaned using a standard 
solvent-cleaning procedure to remove organic and particulate contaminants. Initially, the 
substrates were ultrasonically cleaned in acetone, followed by rinsing in isopropyl alcohol 
(IPA). Finally, the samples were thoroughly rinsed with deionized (DI) water and dried using 
high-purity nitrogen (N₂) gas to obtain clean and contamination-free surfaces before thin-film 
deposition [47]. 

For the fabrication of the Al/HfO₂/Pt MIM capacitor, commercially available 2-inch HfO₂ 
sputtering target was employed for thin-film deposition using the radio-frequency (RF) 
magnetron sputtering technique. The platinized silicon substrate served as the bottom electrode, 
while high-purity argon (Ar) was used as the sputtering gas during the deposition process. A 
uniform HfO₂ dielectric layer with a thickness of approximately 100 nm was deposited onto 
the Pt-coated substrate under optimized sputtering conditions [48, 49]. 

For the fabrication of the Al/HfO₂/Al MIM capacitor, a 300 nm thick aluminum (Al) bottom 
electrode was first deposited onto the cleaned SiO₂ substrate using a thermal evaporation 
system. Subsequently, a 100 nm HfO₂ dielectric layer was deposited over the Al-coated 
substrate by RF magnetron sputtering under the same deposition conditions used for the Pt-
based sample. During the deposition process, a small portion of the bottom Al layer was 
intentionally left uncovered to facilitate electrical contact during subsequent electrical 
measurements [50]. 

After deposition of the dielectric layer, circular aluminum top electrodes were fabricated on 
both capacitor structures using a shadow mask-assisted thermal evaporation technique. The top 
electrodes possessed a diameter of 500 μm of thickness 300 nm, while the center-to-center 
spacing between adjacent electrodes was maintained at 600 μm. The fabricated device 
structures were therefore represented as Al/HfO₂/Pt and Al/HfO₂/Al, respectively. A schematic 
illustration of the fabrication process together with the final device architecture is presented in 
(Fig. (1A) & (1B)). 
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2.2 Morphological Characterization 

The surface morphology of the deposited HfO₂ thin films was examined using Atomic Force 
Microscopy (AFM) to evaluate the influence of the bottom electrode material on the surface 
topography of the sputtered dielectric films. AFM analysis was performed to determine the 
nanoscale surface morphology and to obtain quantitative roughness information. The 
morphological features that resulted were then related to the electrical properties of the MIM 
capacitors fabricated to investigate the effect of the thin film microstructure on its dielectric 
properties [51]. 

The fabricated MIM capacitors were analyzed using an optical microscope to confirm the 
presence of the circular top electrodes and the device geometry before electrical testing. Optical 
micrographs of the fabricated MIM capacitors are shown in (Fig. (1C) & (1D)). 

2.3 Electrical Characterization 

Electrical properties of the fabricated MIM capacitors have been explored through the Keithley 
4200A-SCS Semiconductor Parameter Analyzer. C-V and G-V data were collected over three 
different voltage sweep ranges of −2 V to +2 V, −5 V to +5 V, and −10 V to +10 V. Five separate 
frequencies of 100 kHz, 200 kHz, 500 kHz, 700 kHz, and 1 MHz were chosen for the study of 
dielectric behavior of both capacitor designs [57, 58, 59]. 

In case of Al/HfO₂/Pt capacitors, the electrical measurements were conducted with one probe 
connected to the circular Al upper electrode and the other one to the Pt lower electrode. On the 
other hand, for the investigation of electrical properties of Al/HfO₂/Al capacitors, one probe 
was attached to the circular Al upper electrode, whereas the second probe was placed on the 
open area of the lower Al electrode which was not covered during the deposition of the 
dielectric layer [52]. 

From the C-V and G-V results obtained, some dielectric and electrical characteristics have been 
derived. The derived characteristics include capacitance (C), conductance (G), dielectric 
constant (k), dielectric loss (tan δ), quality factor (Q), capacitance per unit area (C/A), and 
parallel resistance (Rp). The obtained electrical characteristics have been studied as functions 
of frequency and voltage sweep to determine the effect of the material of the bottom electrode 
on the electrical characteristics of the sputtered HfO₂ MIM capacitors. 
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Fig. 1. Schematic illustration of the fabricated HfO₂-based MIM capacitor structures and their 
corresponding optical microscope images. (A) Schematic of the Al/HfO₂/Pt capacitor 
fabricated by depositing a 100 nm HfO₂ dielectric layer on a platinized Si substrate, followed 
by a 300 nm thick circular Al top electrode (500 μm diameter). (B) Schematic of the Al/HfO₂/Al 
capacitor fabricated by depositing a 300 nm thick Al bottom electrode on a SiO₂ substrate, 
followed by a 100 nm HfO₂ dielectric layer and a 300 nm thick circular Al top electrode (500 
μm diameter). (C) Optical microscope image of the fabricated Al/HfO₂/Pt capacitor. (D) 
Optical microscope image of the fabricated Al/HfO₂/Al capacitor. 
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Result and Analysis 

 

 

Fig. 2. AFM surface morphology of the sputtered HfO₂ thin films deposited on different bottom 
electrodes. (A) 100 nm HfO₂ thin film deposited on a platinized Si substrate (Pt/HfO₂). (B) 100 
nm HfO₂ thin film deposited on a 300 nm Al-coated SiO₂ substrate (Al/HfO₂/Al). 

Fig. 2 shows the AFM surface morphology of the 100 nm RF-sputtered HfO₂ thin films 
deposited on different bottom electrode materials. As shown in (Fig. 2(A)), the HfO₂ film 
deposited on the platinized Si substrate exhibits a uniform and densely distributed granular 
morphology with a root mean square (RMS) surface roughness of 4.40 nm. In comparison, the 
HfO₂ film deposited on the Al-coated SiO₂ substrate (Fig. 2(B)) shows a slightly higher RMS 
roughness of 4.90 nm, indicating a relatively rougher surface. 

The small difference in surface roughness suggests that the bottom electrode influences the 
nucleation and growth behavior of the sputtered HfO₂ thin film. Nevertheless, both films 
exhibit smooth and homogeneous surfaces without noticeable cracks or large agglomerates, 
indicating good film quality. Such low RMS roughness is desirable for MIM capacitor 
fabrication because it promotes a uniform dielectric–electrode interface, reduces local electric-
field concentration, minimizes interface-related defects, and contributes to stable frequency-
dependent electrical characteristics. Therefore, both HfO₂ films are suitable for reliable 
dielectric layer formation, while the slightly smoother HfO₂/Pt surface is expected to provide 
a more uniform interface for capacitor operation [53, 8, 10]. 
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Fig. 3. Frequency-dependent capacitance–voltage (C–V) characteristics of the fabricated MIM 
capacitors. Panels (A)–(C) correspond to the Al/HfO₂/Pt structure measured over voltage 
sweep ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V, respectively, while panels (D)–(F) 
show the corresponding C–V characteristics of the Al/HfO₂/Al structure under identical 
measurement conditions. 

Fig. 3.  presents the frequency-dependent C–V characteristics of the fabricated Al/HfO₂/Pt and 
Al/HfO₂/Al MIM capacitors measured under voltage sweep ranges of ±2 V, ±5 V, and ±10 V. 
For both capacitor structures, the capacitance decreases progressively with increasing 
measurement frequency from 100 kHz to 1 MHz, indicating the typical frequency dispersion 
of the HfO₂ dielectric. This behavior can be attributed to the reduced contribution of interfacial 
and dipolar polarization at higher frequencies, where the polarization mechanisms cannot fully 
respond to the rapidly varying AC electric field [54]. 

In the case of the ±2 V sweep range (Figs. 3(A) & 3(D)), the value of the capacitance does not 
change during the voltage sweep, which means there is no voltage dependence in this case due 
to low electric field strength. In the cases of the increased sweep ranges ±5 V and ±10 V (Figs. 
3(B), 3(C), 3(E), & 3(F)), the presence of a shallow U-shaped C–V curve with slightly 
increased capacitance at higher positive and negative bias voltages is observed [33-34]. 

It can be concluded that the polarization effect occurs under high electric field strength along 
with a relatively small contribution of the interface charge displacement effects. A comparison 
of two device structures also shows that Al/HfO₂/Al capacitor possesses significantly higher 
values of the capacitance than the Al/HfO₂/Pt capacitor for all frequencies. This is related to 
the influence of the dielectric-electrode interface properties dependent on the bottom electrode 
type [55]. 
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Fig. 4. Frequency-dependent conductance–voltage (G–V) characteristics of the fabricated 
Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors measured at 100 kHz, 200 kHz, 500 kHz, 700 
kHz, and 1 MHz. Panels (A)–(C) correspond to the Al/HfO₂/Pt capacitor measured over voltage 
sweep ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V, respectively, whereas panels (D)–
(F) show the corresponding G–V characteristics of the Al/HfO₂/Al capacitor under identical 
measurement conditions. 

The conductance–voltage (G-V) behavior for frequency dependence of the fabricated 
Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors at different sweep ranges of ±2 V, ±5 V, and ±10 
V is shown in (Fig. 4) at different frequency ranges from 100 kHz to 1 MHz. In case of both 
the capacitor structures, there is an increase in conductance with the increase in measurement 
frequency because of the increased AC conduction related to the dielectric material. For the 
fabricated Al/HfO₂/Pt capacitor, the conductance is increased from about 1.2 × 10⁻⁵ S at 100 
kHz to about 7.6 × 10⁻⁵ S at 1 MHz for the sweep range of ±2 V [56]. 

With ±2 V sweep (see Figs. 4(A) & 4(D)), the conductance stays almost constant over the 
whole applied bias voltage range, indicating stable conduction and no voltage dependency with 
relative low electric field strength. In case when the applied voltage sweep is increased to ±5 
V and ±10 V (Figs. 4(B), 4(C), 4(E) & 4(F)), a shallow "U" shaped conductance curve is 
observed where there is an increase in the value of the conductance with increasing positive 
and negative bias voltage [57]. 

Another comparative analysis of the two structures also shows that in general, the Al/HfO₂/Al 
configuration always has higher conductance values when compared to the Al/HfO₂/Pt one 
across the whole range of the frequencies and voltages analyzed. Such a trend is explained by 
the fact that the conductance values depend not only on the frequency but also on the effect of 
the electrode at the bottom on the dielectric-electrode interface that leads to the processes of 
charge movement and interfacial polarization in the sputtered layer of HfO₂. The relatively 
higher conductance of the Al-bottom-electrode device indicates the increase of the interfacial 
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conduction and dielectric losses, while the Pt-bottom-electrode device demonstrates the lower 
conductance values due to its more resistive dielectric interface and AC losses [58]. 

 

Fig. 5. Frequency-dependent variation of the dielectric constant (k) of the fabricated Al/HfO₂/Pt 
and Al/HfO₂/Al MIM capacitors measured at 100 kHz, 200 kHz, 500 kHz, 700 kHz, and 1 
MHz. Panels (A)–(C) correspond to the Al/HfO₂/Pt capacitor extracted over voltage sweep 
ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V, respectively, whereas panels (D)–(F) show 
the corresponding dielectric constant characteristics of the Al/HfO₂/Al capacitor under 
identical measurement conditions. 

Fig. 5 represents the variation of the dielectric constant (k) of the developed Al/HfO₂/Pt and 
Al/HfO₂/Al MIM capacitors with respect to voltage at different frequencies, from 100 kHz to 
1 MHz. For both the capacitor designs, the dielectric constant exhibits a gradual fall in value 
with an increase in frequency, which is a typical property of high-k dielectric materials. The 
reason behind the decrease in value is that the dipole and interface polarization effects respond 
very slowly to high-frequency alternating voltage and cannot keep pace with it [59]. 

With the ±2 V voltage sweep (see Figs. 5(A) & 5(D)), the dielectric constant is not dependent 
on the bias, implying that the dielectric polarization in low electric fields is stable. The 
Al/HfO₂/Pt capacitor has the dielectric constant of 9.62 at 100 kHz but reduces to 8.83 at 1 
MHz. On the other hand, the Al/HfO₂/Al capacitor displays relatively higher dielectric 
constants, reducing from 16.66 at 100 kHz to 14.89 at 1 MHz. This same trend of behavior is 
displayed under the ±5 V and ±10 V voltage sweeps (see Figs. 5(B), 5(C), 5(E), and 5(F)), 
where the U-shaped curve shows a minor rise in the dielectric constant with increased positive 
and negative bias voltages [60]. 

From the comparison of the two types of capacitor structures, it is quite clear that the 
Al/HfO₂/Al structure has a much higher value of dielectric constant compared to that of the 
Al/HfO₂/Pt structure throughout the entire range of frequency and voltage values used in this 
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experiment. Given that both structures have the same thickness of HfO₂ material and the same 
deposition process, it can be concluded that the observed differences are mainly due to the 
effect of the bottom electrode on the interface between the dielectric and the electrode, as well 
as the effective polarization of the sputtered HfO₂ thin film. The higher value of the dielectric 
constant observed in the case of the Al-bottom-electrode capacitor suggests better charge 
polarization and higher effective capacitance, while the Pt-bottom-electrode capacitor displays 
comparatively low polarization performance [61]. 

 

Fig. 6. Frequency-dependent variation of the dielectric loss (tan δ) of the fabricated Al/HfO₂/Pt 
and Al/HfO₂/Al MIM capacitors measured at 100 kHz, 200 kHz, 500 kHz, 700 kHz, and 1 
MHz. Panels (A)–(C) correspond to the Al/HfO₂/Pt capacitor extracted over voltage sweep 
ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V, respectively, whereas panels (D)–(F) show 
the corresponding dielectric loss (tan δ) characteristics of the Al/HfO₂/Al capacitor under 
identical measurement conditions. 

Fig. 6 presents the variation of the dielectric loss (tan δ) of the fabricated Al/HfO₂/Pt and 
Al/HfO₂/Al MIM capacitors measured over voltage sweep ranges of ±2 V, ±5 V, and ±10 V at 
frequencies ranging from 100 kHz to 1 MHz. For both capacitor structures, the dielectric loss 
decreases progressively with increasing frequency, indicating reduced energy dissipation at 
higher operating frequencies. This is due to the fact that the interfacial and dipolar polarization 
processes are hindered, as they cannot keep pace with the rapidly changing electric field at 
higher frequencies [62]. 

Under the ±2 V voltage sweep (Figs. 6(A) & 6(D)), the dielectric loss is almost constant for all 
values of the applied voltage, reflecting the stable behavior of the dielectric material at low 
electric fields. Under the Al/HfO₂/Pt structure, the dielectric loss changes from about 0.109 at 
100 kHz to about 0.078 at 1 MHz. The same trend is observed in the case of the Al/HfO₂/Al 
structure where the dielectric loss reduces from about 0.138 at 100 kHz to about 0.093 at 1 
MHz. However, when the sweep voltage increases to ±5 V and ±10 V (Figs. 6(B), 6(C), 6(E), 
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& 6(F)), a shallow U-shape is noticed, with an increase in the dielectric loss at large 
positive/negative bias voltages [63]. 

From the above comparison, it can be seen that the Al/HfO₂/Al capacitance system always 
displays higher dielectric loss compared to the Al/HfO₂/Pt one in the whole range of 
frequencies and voltages examined. The larger value of the tangent of the loss angle in the case 
of the Al-bottom-electrode capacitor implies larger dielectric energy losses, which can be 
caused by more intensive interfacial polarization and charge transportation at the 
dielectric/electrode interface. On the contrary, smaller dielectric loss found for the Al/HfO₂/Pt 
capacitor means better dielectric performance with less energy loss at AC mode. Therefore, the 
influence of the bottom electrode on the dielectric relaxation of the deposited HfO₂ films is 
evident, and higher frequency of the measurement leads to suppression of dielectric losses [64]. 

 

Fig. 7. Frequency dependence of the capacitance density (C/A) of the fabricated Al/HfO₂/Pt 
and Al/HfO₂/Al MIM capacitors extracted at 0 V bias. Panel (A) presents the capacitance 
density of the Al/HfO₂/Pt capacitor obtained from voltage sweep ranges of −2 to +2 V, −5 to 
+5 V, and −10 to +10 V, while panel (B) shows the corresponding results for the Al/HfO₂/Al 
capacitor under identical measurement conditions. 

As can be seen in (Fig. 7), the frequency dependence of the capacitance density (C/A) of the 
MIM capacitors with Al/HfO₂/Pt and Al/HfO₂/Al structures fabricated in this study was 
obtained from 0 V bias in the sweep ranges of ±2 V, ±5 V, and ±10 V. For both types of MIM 
capacitor, the capacitance density decreases with increase in frequency from 100 kHz to 1 
MHz. The decrease in capacitance values at increased frequency corresponds to the reduction 
in capacitance in the C-V curves (Fig. 3) [65]. 

In (Fig. 7(A)), the capacitance density value of the Al/HfO₂/Pt MIM capacitor decreases from 
approximately 8.5 × 10⁻⁴ F m⁻² at 100 kHz to about 7.9 × 10⁻⁴ F m⁻² at 1 MHz, while for the 
Al/HfO₂/Al MIM capacitor (Fig. 7(B)), the capacitance density decreases from approximately 
15.3 × 10⁻⁴ F m⁻² to 13.2 × 10⁻⁴ F m⁻² over the same frequency range. It can be seen that there 
are no big changes for ±2 V, ±5 V, and ±10 V sweep ranges; hence, the change in capacitance 
density is dependent on frequency rather than applied voltage sweep. 
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In general, the Al/HfO₂/Al MIM structure shows a considerably larger capacitance density 
compared to the Al/HfO₂/Pt one within the whole tested frequency range, implying a higher 
charge storage capability. The enhancement is associated with the effect of the bottom electrode 
on the dielectric-electrode interface, leading to the change in polarization properties of the 
sputtered HfO₂ thin film. It is seen that the choice of the bottom electrode is an essential factor 
affecting the capacitance density of HfO₂-based MIM capacitors at high frequencies [66]. 

 

Fig. 8. Comparison of the maximum capacitance (Cₘₐₓ) extracted from the C–V characteristics 
of the fabricated MIM capacitors under different voltage sweep ranges. Panels (A) and (B) 
present the Cₘₐₓ values obtained from the Al/HfO₂/Pt and Al/HfO₂/Al capacitor structures, 
respectively, for voltage sweep ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V. 

Fig. 8 depicts the variation of the maximum capacitance (Cₘₐₓ) for the fabricated Al/HfO₂/Pt 
and Al/HfO₂/Al MIM capacitors based on the C-V curves with respect to the frequency for 
different sweep voltage values of ±2 V, ±5 V, and ±10 V. In both capacitors, the value of 
maximum capacitance diminishes with an increase in the frequency, similar to that seen in the 
C-V plots (Fig. 3). This decrease is due to the decreasing effect of interface and dipolar 
polarization at high frequencies [67]. 

In the case of the Al/HfO₂/Pt capacitor (Fig. 8(A)), the value of the maximum capacitance drops 
from approximately 1.67 × 10⁻¹⁰ F at 100 kHz to 1.54 × 10⁻¹⁰ F at 1 MHz. Likewise, for the 
Al/HfO₂/Al capacitor (Fig. 8(B)), there are increased values of Cₘₐₓ, which drop from about 
3.08 × 10⁻¹⁰ F to 2.64 × 10⁻¹⁰ F within the same frequency range. The value of Cₘₐₓ increases 
slightly when the voltage sweep increases from ±2 V to ±10 V. 

In addition to that, the Al/HfO₂/Al capacitor is always shown to have much higher values of 
maximum capacitance than the Al/HfO₂/Pt capacitor over the whole range of frequencies 
considered. Taking into account the fact that both capacitors are fabricated from the layers of 
HfO₂ of the same thickness and under the same deposition conditions, one can conclude that 
the increased value of Cₘₐₓ is due to the effect of the bottom electrode on the dielectric-electrode 
interface and on the polarization of the HfO₂ dielectric layer [68]. 
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Fig. 9. Maximum conductance (Gₘₐₓ) extracted from the measured G–V characteristics of the 
fabricated Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors. Panels (A) and (B) compare the Gₘₐₓ 
values obtained for voltage sweep ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V, 
respectively. 

Comparison between the maximum conductance (Gₘₐₓ) derived from the G-V characteristics 
of the fabricated Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors plotted against the frequency is 
illustrated in (Fig. 9) for the voltage sweep values of ±2 V, ±5 V, and ±10 V. Unlike the 
capacitance variation, the maximum conductance increases nearly linearly with the increasing 
frequency of measurements for both types of capacitors. This implies an increase in AC 
conduction as a result of the increased effect of the charge carriers and dielectric relaxation in 
the HfO₂ film [55, 56]. 

With regard to the Al/HfO₂/Pt device (Fig. 9(A)), the maximum conductance rises from about 
1.1 × 10⁻⁵ S at 100 kHz to around 8.2 × 10⁻⁵ S at 1 MHz. The same trend is observed for the 
Al/HfO₂/Al capacitor (Fig. (9B)), where the maximum conductance rises from about 2.6 × 10⁻⁵ 
S at 100 kHz to about 17.8 × 10⁻⁵ S at 1 MHz. There is also a very small rise in Gₘₐₓ upon 
increasing the voltage sweeping from ±2 V to ±10 V. 

Additionally, the Al/HfO₂/Al capacitor is seen to display much higher maximum conductance 
compared to the Al/HfO₂/Pt capacitor within the studied frequency range. As the two types of 
capacitors have similar thicknesses of HfO₂ and were deposited in similar conditions, the 
difference is explained by the effects of the bottom electrodes on the dielectric-electrode 
interface and thus on the charge carriers’ transport and dielectric relaxation processes. The high 
value of Gₘₐₓ for the capacitor with an Al bottom electrode is indicative of enhanced AC 
conductivity and dielectric losses, while the Pt-bottom-electrode capacitor demonstrates lower 
conductance due to lower losses. This is consistent with the trends observed in the results in 
(Fig. 4) and confirms that the bottom electrode material influences the AC conduction 
properties of MIM capacitors with sputtered HfO₂ dielectrics [69]. 
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Fig. 10. Frequency dependence of the quality factor (Q) of the fabricated Al/HfO₂/Pt and 
Al/HfO₂/Al MIM capacitors extracted at 0 V bias. Panels (A) and (B) show the quality factor 
of the Al/HfO₂/Pt and Al/HfO₂/Al capacitor structures, respectively, obtained from voltage 
sweep ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V. 

The variations of the quality factor (Q) of the Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors are 
shown in Fig. 10 as a function of frequency at 0 V bias for different voltage sweep intervals of 
±2 V, ±5 V, and ±10 V. In both cases, the value of the quality factor increases progressively 
with increasing frequency of measurement, which can be correlated to the decreasing dielectric 
losses (see Fig. 6). As the quality factor is directly proportional to the inverse of the dielectric 
loss, the increase in Q shows better dielectric behavior at higher frequencies [65, 67, 70]. 

In case of the Al/HfO₂/Pt structure, as seen from (Fig. 10(A)), the quality factor is increased 
from roughly 9.2 at 100 kHz to almost 12.8 at 1 MHz. Similarly, the increase in the quality 
factor of the Al/HfO₂/Al structure, as shown in (Fig. 10(B)), is from about 7.2 at 100 kHz to 
almost 10.7 at 1 MHz. There are some minor differences noticed for the three different voltage 
sweeps, namely ±2 V, ±5 V, and ±10 V, but the frequency variation is mostly similar, suggesting 
that the quality factor depends more on frequency than voltage sweeps [22, 23]. 

The difference between these two types of capacitors shows that the Al/HfO2/Pt capacitor 
always demonstrates a higher value of the quality factor compared to the Al/HfO2/Al capacitor 
in the whole frequency range considered. It is because the dielectric loss is rather low in the 
case of the Pt-bottom-electrode, which is also characterized by the low level of AC conduction, 
so that the energy storage and power dissipation processes are performed in a more effective 
way. At the same time, the comparatively low Q factors observed in the case of the Al/HfO2/Al 
capacitor correspond to the increased dielectric loss and conductivity [25, 26]. 
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Fig. 11. Frequency dependence of the extracted dielectric constant (k) at 0 V bias for the 
fabricated Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors. Panels (A) and (B) show the dielectric 
constant of the Al/HfO₂/Pt and Al/HfO₂/Al capacitor structures, respectively, obtained from 
voltage sweep ranges of −2 to +2 V, −5 to +5 V, and −10 to +10 V. 

 

The dielectric constant (k) of the Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors has been 
compared in (Fig. 11) as a function of frequency at 0 V bias, while the range of voltage sweep 
was ±2 V, ±5 V, and ±10 V. For both capacitor types, it has been observed that the dielectric 
constant reduces with increase in frequency ranging from 100 kHz to 1 MHz due to the usual 
frequency dispersion in the HfO₂ dielectric. This is because of the gradual reduction of the 
effect of interfacial and dipole polarization at higher frequencies due to their inability to 
respond to the changing electric field [27, 28, 29-30]. 

Regarding the case of Al/HfO₂/Pt capacitor (Fig. 11(A)), there is a reduction in the dielectric 
constant value from 9.62 (at 100 kHz) to 8.89 (at 1 MHz). Similarly, Al/HfO₂/Al capacitor (Fig. 
11(B)) also demonstrates a reduction from 17.2 to 14.9 across the same range of frequency. 
There are small variations in the dielectric constant value from the three ranges of voltage 
sweeps (±2 V, ±5 V, and ±10 V), implying that the extracted k values for zero-bias operation 
are not significantly affected by voltage sweep but depend on the frequency of measurement 
[70]. 

It is observed that the dielectric constant of Al/HfO₂/Al capacitor is substantially larger 
compared to the Al/HfO₂/Pt capacitor across the whole range of measured frequencies. As the 
same thickness of HfO₂ layer was used in both the devices under the same deposition process, 
this increase can be attributed to the influence of the interface effect between the dielectric and 
the bottom electrodes due to different materials. This is in agreement with the dielectric 
constant dependence on voltage sweep shown in Fig. 5, and proves that bottom electrode 
manipulation can serve as an efficient way to engineer the dielectric properties of sputtered 
HfO₂ based MIM capacitors [71]. 
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Fig. 12. Frequency dependence of the extracted dielectric loss (tan δ) at 0 V bias for the 
fabricated Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors. Panels (A) and (B) compare the 
dielectric loss values extracted from voltage sweep ranges of −2 to +2 V, −5 to +5 V, and −10 
to +10 V, respectively. 

 

Fig. 12 presents the frequency dependence of the dielectric loss (tan δ) of the fabricated 
Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors extracted at 0 V bias for voltage sweep ranges of 
±2 V, ±5 V, and ±10 V. For both capacitor structures, the dielectric loss decreases continuously 
with increasing frequency from 100 kHz to 1 MHz, indicating a reduction in dielectric energy 
dissipation at higher operating frequencies. This is due to the reduced role of interfacial and 
dipole polarization, since they cannot react to the alternating electric field fast enough due to 
their nature [55, 56]. 

In the case of the Al/HfO2/Pt capacitor (Fig. 12(A)), there is a reduction in dielectric loss from 
around 0.109 at 100 kHz to around 0.079 at 1 MHz. In addition, the Al/HfO2/Al capacitor (Fig. 
12(B)) also shows a reduction in dielectric loss from about 0.140 to 0.094. The dielectric losses 
obtained from all three voltage sweep cases (±2V, ±5V, and ±10V) show a close match, 
implying that dielectric loss measured at 0V bias is not significantly affected by the voltage 
sweep range but depends mostly on the measurement frequency [71]. 

In addition, it can be noted that the Al/HfO₂/Pt capacitor shows the lowest values of dielectric 
loss in comparison with the Al/HfO₂/Al capacitor in the whole examined frequency range, 
which indicates the lowest energy losses in such case. On the contrary, the rather higher tan δ 
of the Al/HfO₂/Al capacitor can be explained by the higher degree of dielectric relaxation and 
interfacial losses related to the use of Al as the bottom electrode. The obtained experimental 
results are well-correlated with the data on voltage-dependent dielectric losses of the capacitor 
(Fig. 6) and quality factor analysis (Fig. 10), which is due to the higher value of quality factor 
in the case of the Al/HfO₂/Pt capacitor because of its lower dielectric losses [72]. 
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Fig. 13. Frequency dependence of the extracted parallel resistance (Rₚ) at 0 V bias for the 
fabricated Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors. Panels (A) and (B) compare the parallel 
resistance values extracted from voltage sweep ranges of −2 to +2 V, −5 to +5 V, and −10 to 
+10 V, respectively. 

 

 

Fig. 13 presents the variation of the extracted parallel resistance (Rₚ) of the fabricated 
Al/HfO₂/Pt and Al/HfO₂/Al MIM capacitors as a function of frequency at 0 V bias for voltage 
sweep ranges of ±2 V, ±5 V, and ±10 V. For both capacitor structures, the parallel resistance 
decreases continuously with increasing frequency from 100 kHz to 1 MHz, indicating an 
increase in AC conduction and a reduction in the effective resistive impedance of the dielectric 
layer at higher operating frequencies. This behavior is consistent with the increase in 
conductance (Fig. 9) and reflects the enhanced response of charge carriers under high-
frequency excitation [63, 72]. 

For the Al/HfO₂/Pt capacitor (Fig. 13(A)), the parallel resistance decreases from approximately 
8.9 × 10⁴ Ω at 100 kHz to about 1.3 × 10⁴ Ω at 1 MHz. Similarly, the Al/HfO₂/Al capacitor 
(Fig. 13(B)) exhibits lower resistance values, decreasing from approximately 4.0 × 10⁴ Ω to 
0.65 × 10⁴ Ω over the same frequency range. The values obtained from the three voltage sweep 
conditions (±2 V, ±5 V, and ±10 V) are very close to each other, indicating that the extracted 
Rₚ at 0 V bias is only marginally affected by the voltage sweep range and is predominantly 
governed by the measurement frequency [12, 14]. 

A comparison between the two capacitor structures clearly shows that the Al/HfO₂/Pt capacitor 
exhibits consistently higher parallel resistance than the Al/HfO₂/Al capacitor throughout the 
investigated frequency range. The higher Rₚ of the Pt-bottom-electrode device indicates lower 
leakage conduction, improved dielectric insulation, and reduced energy dissipation, whereas 
the lower Rₚ observed for the Al-bottom-electrode device suggests comparatively higher 
conductive losses at the dielectric–electrode interface. These observations are in excellent 
agreement with the previously discussed conductance (Fig. 9), dielectric loss (Fig. 12), and 
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quality factor (Fig. 10) results, where the Pt-based capacitor exhibited lower conductance, 
lower dielectric loss, and higher quality factor. Overall, the results demonstrate that the bottom 
electrode material plays a significant role in determining the resistive behavior and dielectric 
insulation quality of sputtered HfO₂-based MIM capacitors, with the Al/HfO₂/Pt structure 
exhibiting superior electrical insulation characteristics for high-frequency capacitor 
applications [73, 74]. 

 

6. Conclusion 

In this work, the influence of bottom electrode material on the morphological and frequency-
dependent electrical characteristics of RF-sputtered HfO₂ thin-film MIM capacitors was 
systematically investigated by comparing Al/HfO₂/Pt and Al/HfO₂/Al capacitor structures 
fabricated under identical deposition conditions. AFM analysis confirmed the successful 
deposition of uniform HfO₂ thin films on both substrates, with RMS surface roughness values 
of 4.40 nm for the Pt-based structure and 4.90 nm for the Al-based structure, indicating good 
surface quality suitable for dielectric capacitor applications. 

Electrical characterization performed over the frequency range of 100 kHz–1 MHz and voltage 
sweep ranges of ±2 V, ±5 V, and ±10 V revealed that both capacitor structures exhibited stable 
frequency-dependent dielectric behavior. The capacitance, dielectric constant, and capacitance 
density were observed to decrease with an increase in frequency, while the conductance was 
observed to increase with the increase in frequency, which is the characteristic behavior 
associated with the dielectric relaxation of HfO₂ thin films. 

Comparison of the two device configurations confirmed that the Al/HfO₂/Al capacitor had 
always shown higher values of capacitance, dielectric constant, capacitance density, and 
conductance; thus, the polarization and charge storage were improved. On the contrary, the 
Al/HfO₂/Pt capacitor had lower dielectric loss, higher quality factor, and higher parallel 
resistance, thereby indicating lower dielectric losses, better electrical insulation, and more 
energy efficiency. This difference is due to the effect of the material of the bottom electrode at 
the dielectric-electrode interface affecting the polarization and charge transport in the sputtered 
HfO₂ dielectric layer. 

In general, this investigation proves that bottom electrode engineering can serve as a useful 
strategy for the manipulation of electrical characteristics of sputtered HfO₂ thin-film MIM 
capacitors without changing the properties of the dielectric and the method of its fabrication. 
Though the Al/HfO₂/Al configuration is more appropriate for high capacitance density and 
charge retention applications, the Al/HfO₂/Pt configuration can be considered as a better option 
due to its superior dielectric insulation, lower energy losses and higher Q-factor, which makes 
it a good choice for RF capacitor applications. 
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