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Abstract
Capacitors based on high-k dielectric metal-insulator-metal (MIM) structures have been studied intensely
recently because of their good insulator characteristics and constant performance. The study presented
here involves fabrication of 60 nm thick Al₂O₃ thin films using radio frequency (RF) magnetron sputtering
at room temperature on platinized silicon substrates and development of MIM capacitors with
Pt/Al₂O₃/Cr/Au multilayer structure. First of all, prior to film growth, the substrates were cleaned by the
method of RCA cleaning. Then, the deposited films were examined using optical microscopy and atomic
force microscopy (AFM). AFM showed that the films had smooth surface morphology with RMS
roughness value of around 4.006 nm. Afterwards, circular Cr/Au (40/250 nm) top electrodes of diameter
500 µm were fabricated by thermal evaporation through shadow mask. Finally, leakage current density,
capacitance-voltage (C-V) and conductance-voltage (G-V) measurements were performed at Keithley
characterization station within the ranges of voltages ± 2 V, ± 3 V and ± 5 V at the frequencies 5 kHz – 1
MHz. The manufactured capacitors displayed negligible leakage current density and constant dielectric
properties within the studied bias range. The capacitance demonstrated weak dependence on the
applied voltage but depended on the frequency, thus causing a decrease in the capacitance density and
estimated dielectric constant with an increase in frequency. The dielectric constant varied between 21 at
5 kHz and 12 at 1 MHz; the loss tangent was less than 0.06 within the studied frequency range. The
presented results prove that the thin films produced by RF sputtering have stable dielectric properties
and can be successfully utilized for the production of MIM capacitors.

Introduction
Metal-insulator-metal (MIM) capacitors are essential components of today’s microelectronics industry,
being used widely in analog/mixed signal ICs, RF devices, dynamic memories, sensors, and energy
storage devices. With continuous miniaturization of electronic systems, there has been an increasing
need for dielectrics that can offer not only a large capacitance density but also low leakage current,
thermal stability, and high reliability [1]. Among several dielectric materials available, aluminum oxide
(Al₂O₃) has drawn a lot of attention owing to its wide band gap, high dielectric strength, good chemical
stability, compatibility with semiconductor technology processes, and low leakage current. Thin films
made from aluminum oxide (Al₂O₃) have been applied in metal insulator metal (MIM) capacitors, metal-
oxide-semiconductor (MOS) devices, thin-film transistors, resistive memories, and sensor platforms.
Electrical properties of Al₂O₃ thin films largely depend on their preparation method, thickness, interfaces,
defects, and microstructure [2]. A number of deposition techniques such as atomic layer deposition
(ALD), chemical vapor deposition, pulsed laser deposition, solution-based processing, and RF magnetron
sputtering have been applied for synthesizing Al₂O₃. Recent research works have extensively utilized
multi-layered dielectrics by ALD, bilayers of Al₂O₃/HfO₂, nanolaminates of Al₂O₃/TiO₂, and superlattices
for increasing dielectric constant and reducing leakage current. Simultaneously, studies on metal oxide
semiconductor capacitors and dielectric layers reveal the significance of interface properties, defects,
and charge traps on frequency-dependent electrical response [3, 4, 2]. However, little has been done in
the field of investigation of single-layer RF-sputtered alumina-based MIM capacitors manufactured on
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platinized silicon substrates from the standpoint of morphological and electrical properties analysis [5].
Roughness and structure of the surface may play a crucial role in leakage channels formation and
dielectric response, whereas capacitance at different frequencies gives us additional details about
polarization mechanisms, interface defects, and dielectric behavior. Thus, the study incorporating AFM
measurements, optical microscopy, leakage current measurements, and capacitance analysis might be
beneficial in characterizing the actual properties of the investigated material [6–7]. In this study, about
60 nm thickness Al2O3 thin films were deposited by radio frequency magnetron sputtering onto
platinized Si substrates, where the fabrication of Au top circular electrodes via thermal evaporation
technique through shadow mask was employed to develop the MIM capacitors [8]. The AFM analysis
was done for the surface morphology of deposited thin films while the optical microscope analysis was
done for both thin films and fabricated devices. Leakage current and capacitance as a function of
frequency were measured as part of electrical characteristics. Capacitance density and effective
dielectric constant were also calculated and discussed for the suitability of sputtered Al2O3 thin films as
dielectrics and capacitors [9].

Literature Gap

The recent developments made in high-k dielectrics have facilitated a remarkable development in the
design of MIM capacitors for ICs, radiofrequency (RF) circuits, memory cells, and sensors [1, 10]. The
majority of published works are concentrated on ALD-deposited Al₂O₃ multilayer systems, nanolaminate
structures, and bilayered dielectrics, like Al₂O₃/HfO₂ and Al₂O₃/TiO₂, in order to increase the value of
dielectric constant, leakage current, and performance of capacitors. However, other researchers have
studied the possibility to employ MOS capacitors, memristors, or complex interfaces using different
fabrication approaches. Although such works can give some information on dielectrics properties and
mechanisms of charge carriers transport, there are very few reports devoted to investigation of single-
layer RF-deposited Al₂O₃ MIM capacitors on platinumized silicon with Au top electrode [11–12]. Also,
even though surface morphology, leakage currents, and capacitance properties have been separately
studied in some researches, an analysis correlating surface morphology by means of AFM, optical
properties, leakage current behavior, and capacitance behavior in dependence on frequency of the
sputtered Al₂O₃ MIM structure have not been sufficiently studied yet [13, 14]. Additionally, a complete
evaluation of capacitance across wide ranges of frequencies along with some additional parameters
including the capacitance density and dielectric constant has not been widely presented for the simple
sputtered Al₂O₃ dielectrics. It means that an experimental study correlating all these factors is necessary
to be done [15, 16]. In this research, an experimental study of single-layer RF-sputtered aluminum oxide
MIM capacitors through correlation of AFM measurements of surface morphology and frequency
response of their capacitive and leakage currents is conducted to evaluate dielectric quality employing a
straightforward method for fabrication of devices under consideration [17, 18]. Unlike plenty of studies
on multilayer dielectric systems and MOS structures fabricated employing ALD technique, there is a lack
of comprehensive investigations of structural and frequency-dependent electrical properties of single-
layer RF-sputtered aluminum oxide MIM capacitors on platinized silicon substrates [19, 20].
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Experimental

2.1 Substrate Preparation
Platinized silicon substrates purchased commercially were employed as the bottom electrode substrate
for the MIM capacitor preparation process [21, 22]. The substrate comprised a silicon wafer having a
5000 Å thickness of SiO₂ deposited on its surface, followed by 400 Å of Ti (or TiO₂ where required)
adhesion layer and a 2000 Å thickness of platinum as the bottom electrode. Before the deposition of thin
films, the substrates were carefully cleaned through the standard RCA-1 and RCA-2 methods to remove
any organic, metallic particles, and other contaminations from the substrates [23, 24, 25].

2.2 Al₂O₃ Thin-Film Deposition
Following the RCA cleaning procedure, a thin film of Al₂O₃ dielectric was sputtered on the platinized
silicon substrates using a radiofrequency (RF) magnetron sputtering technique. An Al₂O₃ sputter target
with a diameter of 2 inches was used in this experiment [26, 27]. RF sputtering was done at the standard
operating frequency of 13.56 MHz with an input power of 100 Watts. In preparation for deposition, the
sputtering chamber was first evacuated to achieve a base pressure of 2×10− 6 mbar. The deposition of
the film was then carried out using argon (Ar) gas at a working pressure of 5.3×10− 3 mbar and at a gas
flow rate of 40 SCCM [28].

Substrate heating was not deliberately applied during deposition but rather was carried out at room
temperature (RT) and while rotating the substrates for better deposition uniformity [29]. The duration of
the deposition process was 90 minutes, corresponding to an Al₂O₃ film thickness of 60 nm. The
deposited Al₂O₃ dielectric film formed part of the MIM capacitor structure and was subsequently tested
for morphology and electrical characteristics [30].

2.3 Surface Characterization and Top Electrode Fabrication
Prior to top electrode deposition, sputtered Al₂O₃ thin films were investigated for the surface quality and
uniformity. In terms of macroscopic uniformity, optical microscope was used whereas atomic force
microscopy (AFM) was employed for the investigation of surface morphology and quantification of
roughness at the nanometer scale level [31].

For formation of top circular electrodes, thermal evaporation method through the use of shadow mask
was adopted. For the formation of top circular electrodes, 10 nm thick Cr layer and 200 nm thick Au layer
were deposited. In this regard, Cr layer acted as the adhesive layer while Au was used as conductive
electrode [32–33]. Formation of circular electrodes resulted in an overall size of 500 µm. It should be
noted that the center-to-center spacing between two consecutive circular electrodes was 600 µm [34,
35].

2.4 Electrical Characterization
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The electrical properties of the produced Pt/Al₂O₃/Cr/Au MIM capacitors were characterized through C–
V analysis and leakage current measurements. The frequency dependence of the C–V profile was
obtained by means of a Keithley 4200B Semiconductor Characterization System with the CVU module in
the designated ranges of frequency and bias voltage [36]. The leakage current was measured by means
of a Keithley 2634B SourceMeter and calculated for the active area of the circular electrodes. The overall
analysis of both the structural and electrical properties made possible an estimation of the dielectric and
insulation performance of sputtered Al₂O₃ films [37, 38].

Optical micrographs of the RF magnetron sputtered Al₂O₃ thin film on the platinized silicon substrate are
depicted in Fig. 1. As evident from Fig. 1a, it is clearly visible that there is a difference in the two regions,
where one is the Al₂O₃ coated and other is an adjacent uncoated platinized silicon region. This indicates
that there has been a successful deposition of the dielectric layer onto the desired substrate area [39]. It
is seen that there are no apparent defects present in the coated layer, and the film is continuously
covering the substrate. Figure 1b shows that the surface of the coating is very homogenous, and there is
no sign of cracking, agglomeration, or peeling out of the thin film [40, 41].

From the AFM study, there was relatively consistent surface morphology exhibited by the thin film of
Al₂O₃ grown using RF sputtering technique, with the average surface roughness value being 4.006 nm
[42].

The figure below (Fig. 3) describes the design structure and the fabricated structure of the
Pt/Al₂O₃/Cr/Au metal-insulator-metal (MIM) capacitor. Figure 3a below depicts the structure design,
which has been fabricated on platinized silicon substrate having the layer deposition structure as
Si/SiO₂/Ti/Pt. On top of these layers, a 60 nm RF sputtering technique of the Al₂O₃ insulating layer has
been made [43, 44]. The top circular Cr/Au electrodes have then been evaporated using thermal
evaporation technique using a shadow mask to form the MIM capacitor structure. Figure 3b is the layout
diagram of the device showing the arrangement of circular Cr/Au top electrodes employed for the
measurement purposes. The fabricated device has been captured under an optical microscope as in
Fig. 3c [45]

Result and Analysis

In Fig. 4, the graph depicts the relationship between the leakage current density (J) and the applied bias
voltage for the MIM capacitor structures consisting of Pt/Al₂O₃/Cr/Au fabricated using the three
different ranges of applied voltage sweeps ranging from − 2V to +2V, -3V to +3V, and − 5V to +5V. As
shown in the graph, the leakage current density rises as the applied voltage bias increases in all cases,
which is because of the rise in electric field strength in the Al₂O₃ insulator layer [46]. Figure 4a shows the
leakage current density of the device is quite low with respect to the ± 2 V range bias, where the value of
the current density stays in the order of 10⁻⁷ A/cm². However, for ± 3 V sweep, illustrated in Fig. 4b,
leakage current density increases but still remains within the same order of magnitude [47]. This can be
explained by the increased electric field, which makes the movement of carriers within the insulation
more likely. Lack of abrupt increase in current proves the fact that there was no breakage of dielectric
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within the tested range [48, 9]. In case of the highest voltage range, which equals to ± 5 V (refer to
Fig. 4c), we can observe the leakage current density, which gets close to the value of 10⁻⁶ A/cm². It is
possible to explain such behavior by increased possibility of charge injection due to larger electric field,
which leads to charge movement through the dielectric. However, despite the increase in leakage
current, it stays rather stable at this range of voltages. All in all, the leakage current properties confirm
that the aluminum oxide film fabricated via the RF-sputtering process at 60 nm shows consistent
dielectric operation for a broad range of bias voltages [49]. The low leakage current value at low voltages
and steady increase at high voltages show that the film has a high level of quality and leakage current
suppression. This behavior is required for MIM capacitor devices. The rise in leakage current density
under an increased voltage is due to charge transport mechanisms in the film influenced by high electric
fields [50].

Figure 5 shows the dependence of the leakage current density (J) on the electric field (E) applied to the
fabricated MIM capacitors of structure Pt/Al₂O₃/Cr/Au. The electric field values were obtained by
applying different bias voltages to the capacitors according to the equation E = V/t, with t = 60 nm being
the thickness of the deposited Al₂O₃ layer. The tests were carried out for ± 2 V, ± 3 V, and ± 5 V sweep
ranges corresponding to the ranges presented in Fig. 5a, Fig. 5b, and Fig. 5c, respectively [51, 20]. It can
be clearly seen that the dependence of leakage current density on the electric field is characterized by its
increasing trend as the applied electric field is increased under all tested conditions. In case of relatively
small values of applied field, leakage current density does not reach significant values due to the good
insulation properties of the 60 nm thick layer of Al₂O₃ [52]. In the case of the ± 2 V sweep (see Fig. 5a),
the electric field is approximately ± 0.33 MV/cm, while the obtained current density is still in the range of
10− 7A/cm², confirming the efficient operation of the dielectric insulation material at moderate voltage
levels [53]. With the expansion of the sweep voltage to ± 3 V (see Fig. 5b), the value of the electric field is
about ± 0.50 MV/cm, resulting in a moderate rise in leakage current density but maintaining the
efficiency of the system operation. At the voltage sweep of ± 5 V (see Fig. 5c), where the electric field
equals ± 0.83 MV/cm, the leakage current density achieves the value of around 10− 6 A/cm² [54]. The
continuous variation of current density with the electric field confirms that the deposited Al₂O₃ film has
electrical insulating properties at all the measured bias voltages. The lack of breakdown behavior also
supports that the sputtered dielectric layer has uniform properties [55]. It can be concluded from this
experiment that the MIM capacitors manufactured using RF sputtering are highly stable at higher electric
fields and exhibit no leakage behavior, hence making them suitable candidates for application as
dielectric layers [56].

The variation in current density with respect to the electric field suggests field-enhanced charge
conduction, possibly by defect-assisted conduction mechanisms, but determination of the conduction
mechanism would need separate analysis [57].

Fg.7. Conductance–voltage (G–V) characteristics of the fabricated Pt/Al₂O₃/Cr/Au metal–insulator–
metal (MIM) capacitors measured at frequencies of 5 kHz, 10 kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz
under different voltage sweep ranges: (a) − 2 V to + 2 V and (b) − 5 V to + 5 V.
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The figure below (Fig. 7) represents the conductance-voltage (G-V) curves for the Pt/Al₂O₃/Cr/Au MIM
capacitors fabricated with different frequencies of 5 kHz, 10 kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz
under sweep voltages of − 2 V to + 2 V and − 5 V to + 5 V. It can be seen from Fig. 7a, which represents
the G-V curve for ± 2 V sweep, that the conductance shows a slightly parabolic nature depending upon
the bias applied. Here, the conductance attains its minimum value when the voltage is zero and then
rises linearly with both positive and negative bias, leading to symmetric nature of the curve [61]. It
implies that the transport of charges across the dielectric layer is independent of the external electric
field, and with increasing applied voltage, the effect of the field on conductivity becomes significant. It is
evident that there is frequency dependence in the case of the measurements made using ± 2 V as well.
There is a difference in the conductance values according to the measuring frequency. These are caused
by changes in the AC behavior of the dielectric and its lossy behavior [62]. This is typically observed due
to polarization effects and dielectric relaxation. On the other hand, the measurements carried out at ±5V
shown in Fig. 7b reveal that the conductance values do not change over the range and that there are
small fluctuations in them. In fact, these curves for different frequencies are distinguished from each
other clearly and this shows that the dependence of the measured conductance is more on the
excitation frequency rather than the bias voltage [63]. Generally speaking, the properties of G-V suggest
that the RF-sputtered Al₂O₃ dielectric film with a thickness of 60 nm shows stable behavior in terms of
conductance, low voltage dependency, and reliable frequency behavior. Considering the above-discussed
features of C-V and leakage currents, one can conclude that the fabricated Pt/Al₂O₃/Cr/Au MIM
capacitors feature good electrical properties. Specifically, the gradual decrease of conductance with
increasing frequency suggests that the electrical properties of the device depend on dielectric relaxation
and polarization effects but do not have sharp transitions, which can be attributed to shifts in
conductivity mechanisms. The stability of G-V in both cases confirms the reliable insulating property of
the Al₂O₃ film [64].

The dependence of capacitance density on the measurement frequency in the fabricated Pt/Al₂O₃/Cr/Au
MIM capacitors in the voltage sweep range of − 2 V to + 2 V and − 5 V to + 5 V, respectively, is shown in
Fig. 8. The calculation of capacitance density was carried out using the measurement value of the
capacitance divided by the area of the top electrode [65]. In Fig. 8a shows that with regard to the voltage
sweep of ± 2 V, the capacitance density shows a gradual drop from 0.31 µF/cm² at 5 kHz to 0.28 µF/cm²
at 50–100 kHz. Afterwards, the capacitance density showed a sharp drop down to 0.18 µF/cm² at 1 MHz
[66]. Similar results were obtained from Fig. 8b in which the voltage sweep of ± 5 V is considered. The
decrease in the capacitance density value due to increasing frequency is in agreement with the results
obtained through the C-V measurements due to the frequency dependence of the dielectric properties of
the sputtered aluminum oxide layer. Under lower frequencies, slow polarization effects and localized
charges could respond to the AC stimulation more effectively, and thus, there was an enhanced
capacitance density. With increasing measurement frequency, this effect decreased progressively,
causing a reduction in the overall capacitance and thus capacitance density [67]. It is worth noting that
the capacitance density of fabricated MIM capacitors was quite unaffected by the magnitude of the
applied DC voltage sweeps, as can be observed from both ± 2 V and ± 5 V experiments. In other words,
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the measurement frequency has had a greater impact on the dielectric properties than the DC voltage in
the analyzed range. In summary, the findings on frequency-dependent capacitance density prove that the
Al₂O₃ thin film prepared by RF-sputtering has stable capacitor properties even in a wide range of
frequencies, whereas the gradual decline in capacitance at high frequencies is typical for the dielectric
dispersion phenomenon. The decrease in the capacitance density along with the decrease in the
dielectric constant as the frequency increases implies that the frequency response characteristics of the
MIM capacitors under study depend mostly on dielectric dispersion [68].

In Fig. 9 below, the variations of the estimated dielectric constant (k) and loss tangent (tan ) of the
manufactured Pt/Al₂O₃/Cr/Au MIM capacitors with respect to the measurement frequency have been
shown. These values were calculated based on the measured capacitance and conductance results for
the voltage range of − 5 V to + 5 V [69]. From Fig. 9 above, it is evident that the dielectric constant
reduces with an increase in measurement frequency, from around 21 for a measurement frequency of 5
kHz to approximately 12 for a measurement frequency of 1 MHz. It can be explained by the frequency
dependence of the capacitance. With low measurement frequency, it allows more time for the
polarization effects and localized charges to redistribute within the capacitor. Therefore, there will be
higher dielectric constant estimation compared with those at high measurement frequency, which is
beyond the reach of the slower polarization effect. On the contrary, the loss tangent (tan )
demonstrates a gradually increasing trend at a high frequency of around 0.036 for 5 kHz and 0.056 for 1
MHz [70]. The increment in loss tangent means that energy losses associated with dielectrics increase
along with the increase in excitation frequency, which can be explained by the frequency-dependent AC
characteristics of the prepared material. However, it should be emphasized that even the highest value of
loss tangent does not exceed 0.06, which proves the stability of AC characteristics of the developed
dielectric. The decreasing dielectric constant and increasing loss tangent are typical for dielectric
dispersion, as can be concluded based on C–V and capacitance density dependencies. Overall, the
results prove that the dielectric properties of the investigated material are stable in the analyzed range of
excitation frequency but demonstrate expected changes connected to the reduction in polarization [71].
Generally, the obtained results concerning dielectric properties suggest the possibility of application of
the fabricated Al₂O₃ thin film having a high dielectric constant value at low-frequency measurements
along with acceptable dielectric losses in metal–insulator–metal capacitors.The frequency dependency
of the calculated dielectric constant and loss tangent was estimated based on capacitance and parallel
conductance values applying the standard equivalent circuit relations. Generally, the trends observed are
associated mainly with dielectric dispersion effect [72–73]

Conclusion
The present work reported the successful fabrication of Pt/Al₂O₃/Cr/Au MIM capacitor structures with a
dielectric layer of Al₂O₃ that is sputtered to a thickness of 60 nm on platinized silicon substrate after
cleaning using the RCA method. Microscopic and AFM techniques verified that a thin film with an RMS
surface roughness of about 4.006 nm was successfully formed. Circular Cr/Au top electrodes deposited
by thermal evaporation process made it possible to perform the electrical tests of the devices. The

∂
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leakage current measurements were conducted at voltage sweeps of ± 2 V, ± 3 V, and ± 5 V and showed
stable behavior of the film as an insulator with the increase in leakage current density under the increase
in the electric field value without dielectric breakdown at the given experimental interval. The frequency
dependency C–V measurements illustrated that capacitance did not depend significantly on the DC bias,
while it decreased when increasing the measuring frequency due to the dielectric dispersion in the
sputtered layer of aluminum oxide. In addition, a similar pattern was observed for capacitance density,
whereas the dielectric constant decreased from about 21 at low frequencies to approximately 12 at 1
MHz. The loss tangent values were relatively low (less than 0.06). In summary, the obtained results
confirm that RF magnetron sputtered Al₂O₃ films on platinized silicon possess appropriate insulating and
capacitive properties due to their low loss tangent and leakage current, thus being promising materials
for manufacturing integrated capacitors as well as other electronic components.
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Figure 1

Optical microscopy images of the RF-sputtered Al₂O₃ thin film on platinized silicon: (a)overview showing
both the Al₂O₃-coated region and the adjacent platinized silicon surface, and (b) magnified view of the
Al₂O₃-coated area illustrating the surface morphology of the deposited film.
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Figure 2

Atomic force microscopy (AFM) topographical image of the RF-sputtered Al₂O₃ thin film deposited on
the platinized silicon substrate, illustrating a uniform nanoscale surface morphology. The measured root-
mean-square (RMS) surface roughness of the film is approximately 4.006 nm.
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Figure 3

(a)Cross-sectional schematic of the fabricated Pt/Al₂O₃/Cr/Au MIM capacitor on a platinized silicon
substrate with electrical connection terminals. (b)Schematic top view of the device layout showing the
circular top electrodes. (c)Optical microscope image of the fabricated MIM capacitor array after Cr/Au
electrode deposition.

Figure 4

Leakage current density (J) as a function of the applied bias voltage for the fabricated Pt/Al₂O₃/Cr/Au
MIM capacitors measured under different voltage sweep ranges: (a) −2 V to +2 V, (b) −3 V to +3 V, and
(c) −5 V to +5 V.
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Figure 5

Leakage current density ( ) as a function of the applied electric field (E) for the fabricated Pt/Al₂O₃/Cr/Au
MIM capacitors under different bias sweep ranges: (a) corresponding to −2 V to +2 V, (b)corresponding
to −3 V to +3 V, and (c) corresponding to −5 V to +5 V. The electric field was calculated from the applied
voltage and the Al₂O₃ dielectric thickness (60 nm).

Figure 6

Capacitance–voltage (C–V) characteristics of the fabricated Pt/Al₂O₃/Cr/Au metal–insulator–metal
(MIM) capacitors measured at frequencies of 5 kHz, 10 kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz under
different voltage sweep ranges: (a) −2 V to +2 V and (b)−5 V to +5 V.

Page 19/21



Figure 7

Conductance–voltage (G–V) characteristics of the fabricated Pt/Al₂O₃/Cr/Au metal–insulator–metal
(MIM) capacitors measured at frequencies of 5 kHz, 10 kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz under
different voltage sweep ranges: (a) −2 V to +2 V and (b)−5 V to +5 V.

Figure 8

Variation of capacitance density with measurement frequency for the fabricated Pt/Al₂O₃/Cr/Au metal–
insulator–metal (MIM) capacitors. The capacitance density was evaluated at frequencies of 5 kHz, 10
kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz for voltage sweep ranges of (a) −2 V to +2 V and (b) −5 V to
+5 V.
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Figure 9

Frequency dependence of the estimated dielectric constant (k) and loss tangent (tan⁡δ) for the fabricated
Pt/Al₂O₃/Cr/Au MIM capacitors, extracted from capacitance and conductance measurements obtained
over the −5 V to +5 V voltage sweep.
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