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Abstract
Fluorine-based plasma etching of Al2O3 induces changes in oxygen vacancy concentrations and
aluminumbondmodifications, which affect the electrical properties of the thinfilm, leading to
increased leakage currents and the formation of charge traps that degrade the device reliability.
Therefore, in this study, we systematically examined the effects of CF4 plasma etching on the
structural, optical, and electrical properties of Al2O3 thinfilms, focusing on defect dynamics during
processing. X-ray photoelectron spectroscopy analysis demonstrated that Al-O toAl-F bond
conversion occurred during plasma etching, resulting inmodified oxygen vacancy concentrations.
Chemicalmodifications induced changes in the optical bandgap andwork functionwith increasing
radiofrequency bias power, indicating a change in the electronic band structure. Dielectric
measurements indicated reduction in dielectric constant due toAl-F bond formation. These results
elucidate the relationship between plasma-induced defects, including both defect generation and
atomic substitution by plasma, contributing to the development of high-quality Al2O3 thinfilms for
electronic applications in the future.

1. Introduction

Plasma is an ionized gas containing electrons, ions, neutral particles, and radicals, which has become an essential
element in technologies such as deposition, etching, and cleaning in semiconductor processes. In particular,
plasma has become a critical component for processes demanding nanometer-level precision by optimizing the
material’s surface reactionwith high-energy ions and active radicals [1]. Plasma etching, among them, has been
established as a key technology for implementing pattern transfer in semiconductor processes. This process
combines physical bombardment by ions and chemical reactions by radicals to selectively removematerials, a
representative example being reactive ion etching (RIE). RIE by accelerating ions using aDCbias has become an
essential technology for state-of-the-art CMOS fabricationwith high-density semiconductor devices by
achieving high anisotropic [2].

However, defects that occur during the plasma etching process have a significant impact on device
performance, and understanding and controlling these defects is important for the innovation of semiconductor
manufacturing technology [3, 4]. Plasma-induced defects can be broadly categorized into physical, charging,
and radiation damage [5]. Physical damage is caused by high-energy ion bombardments, which destroy the
surface crystal structure of the substrate or result in the formation of an amorphous layer.When high-energy
ions penetrate the substrate surface, the defect density increases due to ion implantation and rearrangement,
which can eventually cause the crystal structure to collapse or the defects to accumulate on the device surface,
resulting in reduced device stability due to increased leakage current [6–8]. Charging damage, on the other hand,
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occurs when charges accumulate in an insulator or dielectric owing to electrons and ions in the plasma. This
phenomenon poses serious problems, especially for devices that use high-kmaterials. Accumulated charges can
distort the electric field, which can change the threshold voltage of the device or cause localized deterioration.
This damage progresses over time andwhile the changes in device characteristicsmay beminimal atfirst, they
can significantly reduce the reliability of the device in the long term [9–11]. Finally, radiation damage caused by
high-energy photons, such as ultraviolet (UV) or vacuumultraviolet (VUV) light emitted from the plasma,
breaks chemical bonds and creates charge traps at dielectric-semiconductor interfaces [12–14]. These defects
lead to leakage current and device performance instability inmaterials such as Al2O3, which are prone to the
formation of oxygen vacancies and aluminum-related defects [15].

Al2O3 is an important high-k (κ≈ 9)material in semiconductor processes, and provides awide bandgap
(8.8 eV), effectively suppressing leakage current and enhancing the electrical stability of devices. In particular, it
has become the preferred gate dielectric inCMOS technology due to its excellent interface quality with silicon
and its ability to suppress leakage current [16, 17]. In addition, its high thermal and chemical stabilities ensure
stable operation even under extreme conditions,making it suitable for power andmemory devices operating at
high temperatures and voltages [18, 19]. Consequently, Al2O3 has emerged as a cornerstonematerial for next-
generation semiconductor devices. Al2O3may be unintentionally exposed tofluorine-based plasmas such asCF4
or SF6 during the etching of adjacent layers in actual device processes. This situation commonly arises in
advanced semiconductor processing such as gate etching in high electronmobility transistors (e.g.,
SiO2/Al2O3/AlGaN/GaN), intermetal dielectric structures with an etch stop layer, or TFT fabricationwith back
channel etch. Such plasma exposure can generate oxygen vacancies and aluminumbondmodifications during
the process. These plasma-induced defects significantly affect the electrical properties of the thin film, leading to
increased leakage currents and the formation of charge traps that degrade device reliability [20]. To address these
challenges, it is imperative to systematically analyze themechanisms bywhich defects occur during plasma
etching and investigate their impact on device performance. Such studies are essential for developing optimized
plasma-etching processes thatminimize defects, thereby enabling the realization of high-performance
semiconductor devices.

To systematically analyze these effects, we investigated the impact of defects or doping induced byCF4
plasma etching on the characteristics of Al2O3 thin films. In other words, this study focuses on the chemical and
structuralmodifications that occur inAl2O3films following plasma exposure. X-ray photoelectron spectroscopy
(XPS)was used to elucidate themodulation of chemical bonding, specifically the substitution of Al-Obonds
withAl-F bonds and its effect on oxygen vacancy concentrations. UV–vis spectroscopywas used to evaluate the
band gapmodulation associatedwith these chemicalmodifications including optical characterization.
Furthermore, impedance spectroscopywas adopted to analyze the changes in the dielectric constant and
electrical properties to understand the effects of plasma-induced defect passivation and atomic substitution on
the dielectric constant. This comprehensive investigation aims to provide insights into the impact of plasma
etching processes on thin films and changes in device characteristics.

2. Experimental details

2.1. Deposition of Al2O3 thinfilms
Al2O3 thinfilmswere deposited on Si (100) substrates (P+ andN+ types dopedwith boron and arsenic,
respectively) and quartz glass using a radiofrequency (RF) sputtering system (SRN-120, SORONA, South
Korea). A heavily doped Si waferwas used for theMetal–Insulator–Semiconductor (MIS) capacitor device
measurements, whereas quartz was used for the transmittance and energy bandgapmeasurements. The Si
substrates had a resistivity below 0.005Ω·cm and thicknesses between 500 and 550μm.Before deposition,
15× 15 mm2 substrates were subjected to ultrasonic cleaning in isopropyl alcohol (IPA) for 10 min, rinsedwith
deionized (DI)water, and dried using nitrogen gas. A high-purity alumina target (99.95%, TASCO,USA)
bonded to a copper backplate was used for the sputtering deposition, and the target-to-substrate distancewas
maintained at 15 cm. The process chamber of sputtering systemwas evacuated to a base pressure of 1× 10−7

Torr using a dry pump for low vacuumand a cryogenic pump for high vacuum. Filmdepositionwas performed
at room temperature with a RF power of 600W, a process pressure of 1.5× 10−4 Torr, and an argon gasflow rate
of 100 sccm. Aluminawas deposited in two sequential layers of 100 nm eachwith a deposition time of 1650 s per
layer, resulting in a total deposition time of 3300 s and afinalfilm thickness of approximately 200 nm.

2.2. CF4 plasma etching
The effect of CF4 plasma etching on the Al2O3filmswas evaluated using a high-density plasma system (SELEX
200, APTC, SouthKorea). This system integrates both capacitive and inductive coupling, enabling precise
control of the ion energy and density of the reactive radicals. Plasma etching conditionswere tailored to examine
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the optical and dielectric properties, with different etching parameters selected to ensure clearer observations of
the dielectric property changes. For optical studies, the upper RF powerwas held constant at 500W,whereas the
bottomRFpowerwas varied from the as-deposited state to 150W in increments of 50W. The etching duration
was set to 30 s with aCF4 gasflow rate of 100 sccm and a process pressure of 15mTorr. In contrast, for the
dielectric studies, the upper RF powerwasfixed at 500W, but the bottomRFpowerwas increased to 150, 200,
250, and 300Wwith an extended etching time of 60 s under the same gasflow and pressure conditions to induce
more pronounced changes in the dielectric properties. After each plasma-etching cycle, the samples were
allowed to cool for 10 min to ensure their thermal stability.

2.3. Characterization techniques
The etchedfilmswere systematically characterized to assess their physical, chemical, optical, and electrical
properties. The crystallinity was analyzed using x-ray diffraction (XRD)with aNewD8Advance system
(D8DISCOVER, Bruker, USA). The chemical composition of the filmswas evaluated byXPS (NEXSA, Thermo-
Fisher Scientific, USA), employingAl Kα radiation and calibration to theC 1 s peak at 284.8 eV. Curvefitting
was performedwith aGaussian–Lorentzian peak shape following Shirley background subtraction. The optical
properties, including the transmittance and energy bandgap changes, were investigated using aUV–vis
spectrophotometer (Lambda 35, PerkinElmer, USA). Surfacemorphology and roughness were characterized
using atomic forcemicroscopy (AFM:NX-10, Park Systems, SouthKorea), andwork functionmeasurements
were conducted using Kelvin probe forcemicroscopy (KPFM). The electrical properties were examined using
metal–insulator–semiconductor capacitors fabricated from200 nm-thick Al2O3 films.Nickel top electrodes
(5× 5 mm2)were deposited byDC sputtering (KVT-2004, KOREAVAC, SouthKorea) after plasma etching to
analyze dielectric properties from theMIS capacitor. Electrical performancewas evaluated using an Impedance
analyzer (4294A, Agilent, Keysight, USA).

3. Results and discussion

To investigate the influence of RF bias power (applied to the bottom electrode) during the etching process on
impurity incorporation and defect formation (oxygen or Al vacancies) in the remaining Al2O3 thinfilms,
experiments were designedwhile keeping the other conditionsfixed. Al2O3filmswere etched using CF4 plasma
with anRF bias power ranging from0 to 150W in 50W increments. XPS analysis was conducted to qualitatively
assess the elemental composition and bonding states of the CF4 plasma-etchedAl2O3. Figure 1 shows the
bonding ratios according to the binding energies of Al 2p in the sample before and after etching under RF bias
power conditions ranging from0W to 150W.TheXPS profiles were calibrated using theC 1 s peak (284.8 eV)
and adjusted considering the Al 2p peak. Infigure 1, theAl 2p spectrumof the etched sample reveals three
distinct peaks at approximately (74.2–74.6 eV), (75.2–75.8 eV), and (76.3–76.9 eV), corresponding toAl-O,
F-Al-O, andAl-F bonds, respectively [21, 22]. Compared to the as-deposited sample, the CF4 plasma-etched
samples have the F-Al-Obonds andAl-F bonds because of the addition of F.With increasing bias power, the Al-
F bonding concentration becamemore pronounced, whereas the Al-O bond concentration decreased,
indicating enhanced fluorination of the surface. Additionally, the F-Al-Opeak shifted to a higher binding energy
compared to theAl-O bond as the bias power increased, reflecting changes in the electronic environment due to
stronger interactions withfluorine atoms (F-terminated dangling bondAl). To further investigate the chemical
changes in the oxygen environment, theO 1 s spectra of the films under varying plasma power conditions are
presented infigure S01. As the RF bias power increases, an apparent increase in the higher binding energy peak at
∼532.0–533.0 eV is observed, accompanied by a slight reduction in the lattice oxygen peak near 530.5 eV. This
trend suggests that CF4 plasma exposure leads to partial disruption of Al–O lattice bonds and the emergence of
non-lattice oxygen species, such as hydroxyl groups, adsorbedmoisture, or oxygen bonded inAl–OH-like
configurations. These results support theAl 2p spectral analysis presented infigure 1, which demonstrates the
emergence of Al–F and F–Al–Obonding states at the expense of Al–Ocoordination. Collectively, the XPS
analyses reveal that increasing plasma power promotes fluorine incorporation into the Al2O3film, accompanied
by a systematic decrease in Al–Obonding and the formation of newAl–F and F–Al–Obonding states, alongside
an increase in non-lattice oxygen species.

From theAl 2pXPS profiles infigure 1, we calculated the bonding of Al 2p to the core peak for the five
samples throughfitting calculations. The corresponding values according to the bias power are shown in table 1.
TheAl-Obonding ratio decreased from100% to 48.8% as the bias power increased. In addition, the F-Al-O
bonding ratio decreases from40.1% to 35.7%,whereas theAl-F bonding ratio increases to 15.5%. As the bias
power increased at 50W intervals, the ratio of Al-F bonds toAl-Obonds gradually increased from0%at first to
3.5%, 7.9%, and 20.2%, respectively, and finally, themaximumvaluewas 31.8%, indicating that theAl-F
bonding area concentrationwas higher than that of the Al-O bonding area under the condition of 150Wbias
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power. As shown infigure S02, the XPS analysis revealed that the atomic percentage of Al 2p decreasedwith
increasing bias power comparedwith the as-deposited sample. Al vacancies have a greater effect on charge
density thanO vacancies, requiring a greater formation energy [23, 24]. This suggests that under the same
conditions, oxygen vacancies aremore likely to form than aluminumvacancies. A higher charge density
indicates a stronger attraction of electrons from the surrounding environment.When an aluminumvacancy
forms, the site loses electrons, leading to a decrease in charge density and an increase in binding energy [25]. As
shown infigure S02, the atomic percentage of Al decreased from40.2% to aminimumof 37.8% as the bias
power increased. Additionally, the shift of the Al 2p peak to a higher binding energy than that of the as-deposited
sample suggests a potential correlation between the bias power and the increased formation of aluminum
vacancies. TheGIXRD results for the alumina thinfilms at various bias powers are shown infigure S03. The
absence of noticeable peaks at any bias power indicated that the amorphous phasewasmaintained.

Figure 2(a) shows that the transmittance of the Al2O3 thinfilm, compared to the as-deposited state, shifts to
longer wavelengths (red shift) for all bias powers. However, as the bias power increases, the peak intensity shifts
to shorterwavelengths. This indicates widening of the bandgap. These results are due to the increase in Al
vacancies and changes in theAl-F bonding concentration, respectively. As the bias power increased, the intensity
of ion bombardment increased. This leads to the creation of Al vacancies due to the ion bombardment of theCF4
plasma under various bias conditions. Figure 2(b) shows the optical bandgap calculated from the transmittance
using the Tauc plot in equation (1):

( ) ( ) ( )/a = -hv A hv E , 1n1
g

Figure 1. Fluorination effect onAl2O3 samples: (a)–(e)Al 2pXPS spectra of as-deposited andCF4 plasma-etched samples (0–150 W),
and (f) area percentage of Al–O, F–Al–O, andAl–F components.

Table 1.The bonding concentration fromAl 2pXPS profiles (XPS analysis of
as-deposited andCF4 plasma-etched samples) and the ratio of Al–F bonding
area to Al–Obonding area.

Bias power (W) Al-O (%) F-Al-O (%) Al-F (%) Al-F/Al-O ratio (%)

As-deposited 100.0 0 0 —

0 57. 9 40.1 2.0 3.5

50 57.2 38.3 4.5 7.9

100 54.0 35.2 10.9 20.2

150 48.8 35.7 15.5 31.8
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where a is the absorption coefficient, h is Planck’s constant, v is photon’s frequency,A is a parameter that
depends on the transition probability, Eg is the bandgap, and n is the nature of the electronic transition [26–28].
The type of electronic transition (direct or indirect) determined n.We can use the value of n as 2, because there
aremany indirect transitions in amorphousAl2O3films [26, 29]. Also, the curve ( ) /ahv 1 2 versus hv calculated by
transmittance has two peaks inAl2O3 films. Thefirst transition, located at low energy, implies an optical gap
where the formation of electron–hole pairs (EHPs) coupledwith optical absorption (i.e., Frenkel excitons)
begins [27]. The second transition corresponded to the fundamental energy gap; the results are shown in
figure 2(b).We used the second transition to determine the energy bandgap byfinding the x-axis intercept at

( )a =hv 0
1
2 on the linear extrapolation of the curve. The bandgap values obtained using Tauc’smethod are 5.28,

4.80, 4.81, 5.04, and 5.09 eV for the as-deposited, 0, 50, 100, and 150W-etched samples, respectively.When the
bias power increases, the bandgap energy clearly increases from4.80 eV to 5.09 eV except for as-deposited
sample. As shown in table 1, as the RF bias power increased from0W to 150W, the area ratio of the Al-F bonds
increased, while the area ratio of the Al-Obondsmostly decreased. Thismeans thatmorefluorinewas
introduced into the Al2O3filmwith increasing bias power. As a result, the aluminum-oxygen bondswere
replaced by aluminum-fluorine bonds. This bond translation increases the bandgap. This is because the bandgap
can be expanded for two reasons. First,fluorination arises from crystalfield enhancement due to alterations in
the nature of bonds. Second, valence charge transport occurs on the Al2O3 surface [30]. As a result, the Al-O
bondswith smaller binding energy (512± 4KJmol−1)were replaced byAl-F bonds (664± 6KJmol−1)with
larger binding, resulting in expanded bandgaps [30, 31]. In contrast, the as-deposited sample showed a larger
bandgap (5.28 eV) thanCF4 the etched samples. This is because plasma etching results in a higher concentration
of aluminumvacancies comparedwith the as-deposited thinfilm [32]. Asfluorination progressed, etching of the
Al2O3 film reduced the proportion of Al, which subsequently affected the bandgap variation. The increase in
aluminumvacancies degraded the optical properties of the alumina thin films, demonstrating the effect of CF4
plasma etching comparedwith the as-deposited sample. Except for the as-deposited sample, the bandgap
expanded after CF4 plasma etching, reducing the relative bonding ratio of aluminum to oxygenwhile enhancing
the effect offluorine. This indicates that the fluorination of the film slightly improved the optical properties of
the alumina thinfilms. In other words, a higher bias power plays a role in alleviating the bandgap reduction
caused by an increase in Al vacancies during theCF4 etching process.

Thework function of the alumina thinfilmswas determined using Kelvin Probe ForceMicroscopy (KPFM),
whichwas conducted usingAtomic ForceMicroscopy (AFM) and a specialized EFMprobe. Thismethod
evaluates the surface potential distribution by applying a sinusoidal voltage between the probe andmaterial
surface. The direct-current component was adjusted to counteract the potential difference and ensure accurate
measurements of the surface characteristics. Thework functionwas calculated as follows:

( )f f= - V 2sample Tip CPD

In this expression, fsample denotes thework function of thematerial, fTip corresponds to the probe’s work
function, andVCPD is the contact potential differencemeasured byKPFM.Calibrationwas performed using
standard gold and aluminum reference samples (PFKPFM-SMPL; Bruker, USA). Thework function of the
alumina thinfilmswasmeasured under varying bias powers during theCF4 plasma etching process. The results
indicate that thework function systematically increasedwith increasing bias power. Specifically, thework
function increased from4.11 eV in the as-deposited state to 4.17 eV at 0W, 4.18 eV at 50W, 4.37 eV at 100W,
and 4.38 eV at 150Wafter CF4 plasma etching process. This increase in thework function is attributed to the
passivation of oxygen vacancies by fluorine introduced during theCF4 plasma etching process [33, 34]. Oxygen

Figure 2. (a)The transmittance of the Al2O3films and (b) optical bandgap of theAl2O3filmsmeasured byUV–vis spectrophotometry.
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vacancy formation inmetal oxides is typically associatedwith electron doping, which shifts the Fermi energy
level upwards. However, fluorine passivation reduces the concentration of oxygen vacancies, which diminishes
the associated electron-doping effect. This change results in a downward shift in the Fermi level and an increase
in thework function of thematerial [33]. XPS can be used to study this phenomenon because the binding energy
is indicative of the energy gap between the occupied electronic state and the Fermi level.

Figure 3(a) shows theXPSO1 s spectra for each bias power, showing a gradual decrease in the binding
energy of theO 1 s peakwith increasing bias power, as shown infigure 3(b). The as-deposited sample exhibited
the highest binding energy for theO 1 s peak, indicating that it had themost oxygen vacancies and represented
the highest Fermi level. In contrast, during CF4 plasma etching process, passivation of the oxygen vacancies
occurs, leading to a decrease in the binding energy of theO 1 s peak. This reflects a reduction in the defect-related
states and a simultaneous decrease in the Fermi level. AlthoughXPS cannot directly detectmissing oxygen
atoms, changes in the binding energy provide indirect evidence of the reduction in oxygen vacancies. This
behavior provides direct evidence that oxygen vacancies are effectively passivated under higher bias power
conditions during the plasma etching process.

Valence bandmeasurements (VBM) obtained byXPS reflect the energy difference between the Fermi level
and themaximumvalence band. Initially, the Fermi level to themaximumvalence band energy for the as-
deposited statewasmeasured at 3.28 eV. This value increased significantly after CF4 plasma etching, as shown in
figure 4. Specifically, the EF - EVmax rose from3.28 in the as-deposited state to 3.55 eV after CF4 plasma etching
process at 0 W, 4.17 eV at 50W, 4.41 eV at 100W, and 4.64 eV at 150W.Defects in Al2O3 create defect levels
near the valence band and cause structural relaxation, altering atomic distances based on charge states [35].
Similarly, in Li-dopedNiO, Li+ dopingweakens theNi-Obonds, increasing the bond distance and positively
shifting the valence bandmaximum [36]. Thus, defects and doping influenced the atomic structure, leading to
valence bandmaximum shifts.

Figure 5 shows the band structure considering the energy bandgap, work function, and Fermi level to the
valence bandmaximum. The numerical values corresponding to each aspect shown infigure 5 are listed in
table 2. The distance from theminimumconduction band to vacuum level, calculated using the optical bandgap,
Fermi level to valence bandmaximumandwork function, increased from2.11 eV in the as-deposited state to
2.92 eV at 0W, 3.54 eV at 50W, 3.74 eV at 100W, and 3.93 eV at 150W.As the bias power increased during the
CF4 plasma etching process, the electron affinity of the Al2O3 thin films increased owing to the substitution of
Al-ObondswithAl-F bonds. This shift occurs because fluorine has a significantly higher electron affinity than
oxygen.

Figure 6(a) illustrates the dielectric constant of the thinfilms etchedwithCF4 plasma under various bias
power conditions (150, 200, 250, and 300W) comparedwith that of the as-deposited films (As-dep)plotted
against frequency. The frequency range can be divided into two polarizationmechanisms: space-charge (or
interfacial) polarization (<103 Hz) andDipole Polarization (103–107 Hz) [28]. Space Charge Polarization occurs
owing to the accumulation of interfacial and defect charges, resulting in high capacitance in the low-frequency
regions, which gradually decreases owing to slow chargemovement. In contrast, Dipole Polarization occurs
whenmolecules with dipolemoments are alignedwith an external electric field. In the intermediate frequency

Figure 3. (a)Binding energy positions ofO 1 s peak in as-deposited andCF4 plasma-etched samples (0–150 W), and (b) plasma-
induced shift inO 1 s peak position: trend and scatter plot analysis.
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range, the capacitance remains constant; however, at higher frequencies, the rapidly changing electric field
prevents the dipoles from aligning, leading to a decline in the capacitance. This behavior explains the observed
trends. The Space Charge Polarization region below 1000 Hz represents the state before the dipoles align, where
changes in the dielectric constant occur owing to external factors, such as interfacial charges and defect charges.
Therefore, the region of focuswas theDipole Polarization (103–107 Hz). As shown infigure 6(a), within this
range, the dielectric constant decreasedwith increasing bias power. This can be attributed to the greater
incorporation offluorine radicals from theCF4 plasma into the thin filmwith increasing bias power. A previous
study highlighted the significant effect of fluorine incorporation into Al2O3 thin films on their optical properties.
An analysis based on the Sellmeier equation showed that as thefluorine doping concentration increased, the Al-
Obondswere progressively replaced byAl-F bonds [37]. Based on thesefindings, this study provides a detailed
analysis of themechanismunderlying the reduction in the dielectric constant of thin films. The resonance
frequency (w0) is defined as shown in equation (3):

( )w = = +
+ -

k

M
and

1

M

1

M

1

M
, 30

Figure 4.Valence bandmeasurements byXPS: (a) as-deposited, (b) 0 W, (c) 50 W, (d) 100 W, (e) 150 W, and (f) bar chart
of EF–EVmax.
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Figure 5.Band structure diagrams: As-deposited, 0 W, 50 W, 100 W, and 150 W.

Figure 6. (a)Dielectric Constant–Log frequency plots according to bias powers. (b) Schematicmodel of F incorporated in Al2O3films.
Oxygen atoms of Al–Odipoles are replaced by the incorporation of F, formingAl–F dipoles, which causes a lowering of the dielectric
constant.

Table 2.Optical bandgap,Work function (f),EF - EVmax andχ of the
as-deposited, 0 W, 50 W, 100 W, and 150 WAl2O3 thinfilms.

Bias power (W)
Optical

bandgap (eV)
Work

function (eV)
EF - EVmax

(eV) χ (eV)

As-deposited 5.28 4.11 3.28 2.11

0 4.80 4.17 3.55 2.92

50 4.81 4.18 4.17 3.54

100 5.04 4.37 4.41 3.74

150 5.09 4.38 4.64 3.93
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where k denotes the spring constant, andM,M+, andM− represent the ionic reducedmass, themass of the
positive ion, and themass of the negative ion, respectively. Additionally, the displacement polarizability(αdis) is
expressed as shown in equation (4):

( )
( )a

w w
=

-
e

M
4dis

0
2 2

Figure 6(b) illustrates the dipole structures of the Al-O andAl-F bonds, which exhibit inherent resonance
frequencies akin to a spring system, where +M Al, -M O, and -M F represent themasses of the Al, oxygen, and
fluorine atoms, respectively [22].Morefluorine was incorporated into the thin film as the RF bias power
increased, resulting in the conversion of the Al-O bond to the Al-F bond, as discussed in the XPS results in
figure 1. In this process, the largermass offluorine ions ( -M ) compared to that of oxygen ions induces a greater
dipolemass (M). According to equation (3), this leads to a lower resonance frequency (w0) of the dipole and a
smaller displacement (ΔX ). Consequently, as described in equation (4), the displacement polarizability (αdis) of
Al-F bonds becomes lower than that of Al-O bonds. As a result, with increasing bias power, the conversion of Al-
O bonds toAl-F bonds results in a reduced dipolemoment, which in turn decreases the relative dielectric
constant of the thin film. Another factor contributing to the reduced dielectric constant is the formation of
AlOxFy phases [21]. According toXPS results, before CF4 plasma etching process, Al-O bonds are distributed
throughout the dielectric region.However, after CF4 plasma etching process, the appearance of F-Al-O areawas
observed to formwhen compared to the as-deposited sample. As the bias power increases, the area ratio of the
Al-F bond increases. This suggests that increasing the bias power promotes the formation of an additional
fluorine-combined layer within the dielectric region, rather than pure Al2O3. These phases contribute to
lowering the dielectric constant of the thin film. This indicates that the formation of the AlOxFy layer weakens
the overall dipole alignment of the dielectric. Therefore, CF4 plasma etching process replaces part of the Al2O3

matrix withAlOxFy, which has a lower dielectric constant than pure Al2O3, further decreasing the overall
dielectric constant.

To investigate the electrical properties of theCF4 plasma-etched amorphous alumina thinfilms, impedance
spectroscopywas employed in the frequency range 40–10MHz. To confirm certain trends in the plasma etching
process, the filmswere subjected to plasma bias powers varying from150 to 300W.As the bias power increased,
the overall impedance of the systemdecreased, indicating enhanced electrical conductivity of the films under
higher power conditions, as depicted infigure 7(a). To analyze the impedance characteristics, the real
component (Z′) is plotted against the imaginary component (Z′′) of the impedance, forming aCole–Cole plot.
This type of plot, which is characteristic of theDebye relaxation [38, 39], typically exhibits a semicircular shape,
as shown infigure 7(d). The single semicircle observed for allmeasured conditions suggests the dominance of a
single relaxationmechanism. The slight deviations from a perfect semicircle can be attributed to variations in the
film density and defect distribution induced by theCF4 plasma etching process. Assuming a single relaxation

Figure 7. (a) Log|Z|–Log frequency, (b)Re(Z)–Log frequency, and (c) -Im(Z)–Log frequency plots at various bias powers. (d)Cole–
Cole plots at various bias powers.
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time, theMIS capacitor can bemodeled as a circuit with a series contact resistance (RS) and a parallel
combination of bulk resistance (RP) and bulk capacitance (CP). Thismodel effectively represents the electrical
behavior of a system. The impedance of thismodel is given by

( )
w w

= =
+

=
+

Z
1

Y

1

G i C

1

i C
, 5

1

R

where Y,G, andC represent admittance, conductance, and capacitance, respectively. The complex impedance
(Z*) of the equivalent circuit is represented as follows: [38, 40–43]
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TheCole–Cole plot, which displays the real component versus the imaginary component of the complex
impedance, typically forms a semicircle when the system exhibits ideal Debye-type relaxation behavior. This
semicircle reflects a specific dielectric relaxation process with a single relaxation time and can be described by the
following expression:
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This equation represents a circle centered at (RS+RP/2, 0)with a radius of RP/2, corresponding to an ideal
dielectric relaxation behavior. At higher frequencies, the lowest value of Z (real part of the impedance) reflected
the series contact resistance (RS). In contrast, at lower frequency ranges, themaximumvalue of Z′, corresponds
to the sumof the contact resistance (RS) and the bulk resistance (RP).

Table 3 provides an overview of the extracted RS, RP, CP, F , andmax τ values obtained throughfitting single
arcs across bias powers ranging from150W to 300W.As the bias power increased, a noticeable decrease in RP

was observed. This behavior can be attributed to the increased concentration of carriers introduced into the
capacitor under increased power [39, 44–48]. Direct CF4 plasma etching of theAl2O3 surface effectively reduced
the interface trap state [21]. Infigure 7(a), the crossover of the impedance values at higher frequencies indicates
that the contact resistance (RS) becomes dominant, as explained earlier. This behavior alignswith themodeled
equation. Figures 7(b) and (c) illustrate the variations of Z′ andZ′′with frequency under different power
conditions. As shown infigure 7(b), Z′ remains constant up to a specific frequency for each bias power, after
which it decreases as the frequency increases. This behavior at low frequencies can be attributed to the
dominance of space-charge polarization. At higher frequencies, Z′ becomes independent of frequency. These
results suggest that Z′ exhibits a single relaxation process, as evident in the overall trend. The variation in the
imaginary part of the impedance (Z″)with the frequency at different bias powers is shown infigure 7(c). As
shown infigure 7(c), the Z″ values for each bias power initially increasedwith frequency, reaching amaximum
before decreasing. This frequency-dependent behavior of Z″ reflects the presence of a single relaxation process
in the device. The peak position of Z″ shifted towards higher frequencies as the applied bias power increased.
This shift was associatedwith a decrease in the bulk resistance of the device as the bias power increased.
Accordingly, the relaxation time (τ=1/2πfmax=1/wmax) of theMIS capacitor was calculated from the
frequency corresponding to themaximumpeak. Table 3 provides the relaxation time (τ) and Fmax values for
each bias power. The relaxation time τ shows a decreasing trendwith increasing bias power, which is attributed
to the enhanced injection of charge carriers into the capacitor.

Table 3.TheRS, RP, CP, Fmax and τ values extracted from thefitting of the data for
each bias power.

Bias

power (W) RS (Ω) RP (kΩ) CP (nF) Fmax (kHz) τ (μsec)

150 38.52 4.76 5.79 5.77 27.6

200 29.97 2.92 6.51 8.38 19.0

250 48.27 0.24 8.82 73.8 2.16

300 24.05 0.04 12.50 349 0.46
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To investigate the effect of CF4 plasma etching on the surface roughness of theAl2O3films, experiments were
conducted under the following conditions: The samples were etchedwithCF4 plasma for 30 s at various bias
powers (0, 50, 100, and 150W). In this experiment, an as-deposited Al2O3film served as the reference sample.
The rootmean square (RMS) surface roughness wasmeasured using atomic forcemicroscopy (AFM) before and
after plasma etching. TheAFM results of this experiment are shown infigure 8. The RMS roughness decreases
from0.861 nm (as-deposited) to 0.719 nmat 0W, 0.479 nmat 50W, 0.404 nmat 100W, and 0.396 nmat
150W.This indicates that the RMS surface roughness significantly decreased in theCF4 plasma-etched samples
comparedwith that in the as-deposited samples, and the roughness value gradually decreased as the bias power
increased [49]. Additionally, another experiment was conducted inwhich the samples were etched for 60 s at
higher bias powers (150, 200, 250, and 300W). TheAFM results of this experiment are shown infigure S04. In
this experiment, a consistent reduction in RMS surface roughness was observed. These results demonstrate that
the CF4 plasma etching process can effectively reduce the surface roughness of Al2O3films. The enhancement of
ion energy with increasing bias power plays a crucial role in promoting ion-assisted surface reactions, leading to
an improved surfacemorphology.

4. Conclusion

In this study, we systematically investigated the effects of CF4 plasma etching on the structural, optical, and
electrical properties of Al2O3 thin films, focusing on the impact of the defect dynamics of the thin films during
the etching process on thematerial properties. The experimental results demonstrated that plasma etching
induced specific defect structures that substantially altered the chemical bonding configuration, optical band
structure, and electrical properties of the Al2O3 films. XPS analysis revealed progressive substitution of Al-O
bondswithAl-F bonds during plasma etching. This substitutionmechanism reduced the oxygen vacancy
concentrationwhile establishing fluorine-rich bonding environments. The transformation of the chemical
bonding structure inducedmodifications in the electronic band structure, resulting in an increase in thework
functionwith increasing RF bias power and changes in the optical bandgap. Electrical characterization via
dielectricmeasurements demonstrated a systematic reduction in the dielectric constantwith increasing RF bias
power. This phenomenon could be attributed to the changes in the dipolemoments due to conversion fromAl-
O toAl-F. Furthermore, the carrier concentration increased, while the interface trap density decreased. This
comprehensive investigation established a distinct correlation between the defect dynamics due toCF4 plasma
etching and the resultantmodifications in theAl2O3 thin-film properties. These results provide valuable insights
for optimizing plasma processing parameters and controlling plasma-inducedmodifications, and are expected
to open avenues for developing advanced electronic and optoelectronic devices.

Figure 8.AFM images showing variations in theAl2O3filmswith RF bias power: (a) as-deposited, (b) 0 W, (c) 50 W, (d) 100 W, and
(e) 150 W. (f)Bar chart of surface roughness.
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