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Abstract

Due to its high dielectric constant (), the BaTiO; (BTO) thin film has significant potential as a next-
generation dielectric material for metal oxide semiconductor field-effect transistors (MOSFETs).
Hence, the evaluation of the BTO thin film etching process is required for such nanoscale device
applications. Herein, the etching characteristics and surface properties are examined according to the
crystallinity of the BTO thin film. The results demonstrate that the etching rate is low in the high-
crystallinity thin film, and the surface residues are much lower than in the low-crystallinity thin film.
In particular, the accelerated Cl radicals in the plasma are shown to penetrate more easily into the low-
crystallinity thin film than the high-crystallinity thin film. After the etching process, the surface
roughness is significantly lower in the high-crystallinity thin film than in the low-crystallinity thin
film. This result is expected to provide useful information for the process design of high-performance
electronic devices.

1. Introduction

Over the past several decades, the metal oxide semiconductor field-effect transistors (MOSFET's) have been
scaled to increase the speed, power efficiency, and density of the integrated circuit [ 1-4]. However, due to the
concurrent reduction input voltage, the thickness of the insulating layer must also be reduced. Consequently,
because a very thin insulating layer causes leakage current and adversely affects device performance, an
insulating layer with a high dielectric constant () has become an important requirement for MOSFETs and
metal-insulator-metal (MIM) capacitors for application in memory devices [5—7]. In particular, the ternary
perovskite barium tin oxide (BaTiO; or BTO) has attracted attention as a next-generation insulator due to its
high x value of ~1,700 compared to the binary oxides such as SiO, (x = 3.9) and ZrO, (k =2.9) [8, 9]. In
addition, BTO is widely used in various applications such as nanogenerators, photovoltaics, and sensors due to
its piezoelectric, pyroelectric, and ferroelectric characteristics [10—-12].

For application to nanoscale electronic devices, anisotropic nano-patterning of the BT'O thin film is
required. Although various nano-patterning methods exist and are under development, the extreme ultraviolet
(EUV) photolithography method can reliably realize the finest patterns, with a size of several nanometers. By
contrast, wet etching is difficult to apply to certain nano-sized patterns due to its isotropic etching characteristics
[13]. Hence, it is essential to apply a plasma etching process that provides anisotropic and elaborate etching
characteristics [14, 15]. In addition, a post-deposition annealing process is essential to obtain high-x, high-

© 2023 The Author(s). Published by IOP Publishing Ltd
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crystallinity BTO thin films [16, 17]. Therefore, various studies are needed in order to establish various process
strategies for nano-patterning. For example, the patterning may be performed either before or after the post-
deposition annealing process of the BTO thin film. If the patterning is performed after annealing, the
crystallinity of the annealed thin film may cause differences in the etching rate, surface residues, surface doping
by the plasma, and density of defects [18-21].

In this study, the Cl-based plasma etching characteristics and surface properties of BTO thin films are
investigated according to the crystallinity of the thin films. The crystallinity and surface chemical states of the
BTO thin films are examined via x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS),
respectively, before and after the annealing and etching processes. The etch rate of the low-crystallinity thin film
is shown to be higher than that of the high-crystallinity thin film. Further, the proportion of surface residues on
the thin film after etching is significantly higher in the low-crystallinity thin film than in the high-crystallinity
thin film. In particular, it is found that significant numbers of Cl radicals are inserted deep into the low-
crystallinity BTO thin film. Additionally, the surface roughness of the high-crystallinity BTO thin film was less
affected by the etching process. This study reveals the effects of crystallinity upon the etching characteristics of
the thin film, and is expected to provide useful information for the process design of high-performance
electronic devices.

2. Experimental

The BTO thin films were deposited on P-type (100) silicon substrates via RF-magnetron sputtering using a
3-inch diameter, 1/8-inch thick BaTiO3 (99.9%) target with abonded Cu backplate. The target-to-substrate
distance was 57 cm. Before the sputtering process, the 4-inch silicon wafer was cleaned by sonication in
isopropyl alcohol (IPA) for 10 min, rinsed with deionized (DI) water, and dried by N, blowing. To minimize the
effects of potential contamination, the base pressure of the chamber was maintained at 2 x 10~° Torr usinga
turbomolecular pump for 1 h.

The BTO thin films were deposited on the Si wafer for 4 h at a substrate temperature of 300 °C, an RF power
of 140 W, a working pressure of 22 mTorr, and Ar and O, flow rates of 12 and 4 standard cubic centimeters per
minute (sccm). The thickness of the as-deposited BTO thin film was about 280 nm. After deposition, samples
were annealed for 2 h under an oxygen atmosphere in a furnace at 600, 700, or 800 °C, respectively, to compare
the effects of crystallinity on the subsequent Cl-based plasma etching.

The plasma etching characteristics according to the crystallinity of the BTO thin films were compared by
using a planar high-density plasma (HDP; SELEX 200, APTC, South Korea) system, which combines the high
plasma density of the inductively-coupled plasma (ICP) and processing reproducibility of the capacitively
coupled plasma (CCP) sources, respectively [22]. In detail, the design of the upper RF antenna for plasma
generation was a combination of the plate structure of the CCP source and the coil structure of the ICP source.
An RF generator was connected to the bottom of the chamber to control the bottom (platen) RF power and,
thus, control the ion energy in the plasma. The frequencies of 13.56 and 2 MHz were used for the upper and
lower generators, respectively. Prior to the plasma etching process, the chamber was maintained at a base
pressure of 5 x 107° Torr for 30 min using a turbomolecular pump. A cooling system was connected to the wafer
chuck to keep the substrate temperature constant during the process.

The BTO thin films were etched for 1 min at various Cl,/Ar gas mixing ratios of 0:100, 25:75, 50:50, 75:25,
100:0 (with a total mixing gas flow rate of 100 sccm in each case), while other conditions were fixed as an RF
power of 150 W, abottom RF power of 50 W, a process pressure of 15 mTorr, and a substrate temperature of
21°C.

The etch rate was measured using a depth profiler (a-step 500, KLA Tencor, USA) after the etching process.
The crystallinities of as-deposited and annealed films were examined via x-ray diffractometer (XRD; New D8-
Advance, Bruker, USA), while x-ray photoelectron spectroscopy (XPS; NEXSA, Thermo-Fisher Scientific, USA)
was used to define the atomic percentage, chemical bonds, chemical shifts, and depth profiles before and after
plasma etching. The base pressure was maintained below 10 ~® mbar using two turbomolecular pumps, an
automated titanium sublimation pump and a backing pump, for a high vacuum for XPS analysis. Then, the
sample surface was etched with an Ar* ion gun for 10 s prior to XPS measurement in order to remove the surface
contamination that occurred during the movement for measurement. The XPS spectra were recorded using a
monochromatic Al Ko radiation at 1486.6 eV with a 400 um spot size in fixed delay ratio mode, and all the
binding energies were determined with reference to the adventitious C 1s peak at 284.8 eV. For curve fitting, a
Gaussian-Lorentzian peak shape was used sequentially after subtracting the background signal by Shirley’s
method. To confirm the contamination depth by Cl-based plasma etching, the XPS depth profile was measured
after the etching by an Ar+ ions gun at intervals of 10 s for a total 0of 250 s.
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Figure 1. The XRD patterns of the as-deposited BTO thin films (a) before (RT) and after annealing at various temperatures, and (b)
before and after etching of the as-deposited and 700 °C-annealed BTO thin film.

In addition, atomic force microscopy (AFM; NX-10, Park system, Korea) was used to measure the surface
roughness.

3. Results and discussion

The XRD patterns of the BTO thin films that were annealed at 600, 700, and 800 °C for 2 h are presented in
figure 1(a). Here, all the deposited BTO thin films exhibit peaks in the (111), (200), and (211) orientations
(indicated by the red triangles). After annealing, however, an additional peak appears in the (110) orientation of
the perovskite structure [23, 24]. This demonstrates that the annealing process leads to crystallization of the
previously non-crystallized regions in mainly the (110) orientation. However, no peaks are observed in the (100)
and (210) orientations of the perovskite phase, which can be attributed to the specific method of deposition
[25-27]. The peaks marked with red rectangles and blue circles in figure 1(a) are due to TiO, and Ti, 03,
respectively, while the peak marked with a white diamond is due to the Si substrate [28, 29]. In brief, the changes
in the intensities of the (110), (111), (211) peaks indicate that the annealing process promotes the crystallization
of the perovskite phase in the BTO thin films.

The FE-SEM images in Fig. S1 of the Supplementary Material indicate that crack and void are formed in the
BTO film when annealed at 800 °C. Therefore, the annealing temperature of 700 °C is selected for additional
investigation. The 700 °C-annealed BTO thin film was then plasma etched at the highest etching rate (i.e. 75:25
Cl,:Ar) under the conditions given in the Experimental section. The XRD results obtained before and after
etching of the 700 °C-annealed BTO thin film are presented in figure 1(b). Here, a peak due to the (110)
orientation of the perovskite phase is clearly seen in the BTO thin film before the etching process, but is absent
after the etching process, while an intense silicon peak has appeared. The latter can be attributed to a decrease in
the thickness of the BTO thin film by removal of the crystallized surface during the etching process. This
indicates that the change in crystallinity during the annealing process occurs mainly on the surface of the BTO
thin film.

The Cl,/Ar plasma-etching rates of the as-deposited and 700 °C-annealed BTO thin films are compared in
figure 2(a). In both cases, the etching rate is seen to steadily increase as the proportion of Cl, gas is increased up to
75%, but then decrease under the pure Cl, plasma. This decrease can be attributed to the absence of Ar ion
bombardment (physical sputtering) [30, 31], which is required in order to accelerate the removal of by-products
and, thus, achieve a high etching rate [32]. Thus, with Arion bombardment, the etching rate of the as-deposited
BTO thin film ranges from 14.2 to 87 nm min ', while that of the as-annealed thin film ranges from 12.8 to 65.8
nm min . The generally lower etching rate of the as-annealed BTO thin film is attributed to the influence of
crystallization during the annealing process, as shown schematically in figure 2(b) [33]. There are some reports
that higher crystallinity inhibits oxygen vacancy formation due to the lesser structural flexibility and smaller
atomic relaxation [34, 35]. This means that there are more unbroken atomic bonds in high-crystallinity thin
films than in low-crystallinity thin films. In turn, the increased number of broken chemical bonds in the low-
crystallinity BTO thin film allows easy combination with the Cl radicals generated during the plasma etching
process (figure 2(b)). As a result, the etching rate of the low-crystallinity thin film is higher than that of the high-
crystallinity (i.e., the annealed) thin film.
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Figure 2. (a) The etching rates of the as-deposited (red) and 700 °C-annealed (black) BTO thin films, and (b) the schematic etching
mechanisms in the corresponding high- and low-crystallinity thin films.

The XPS narrow scans of the as-deposited and 700 °C-annealed BTO thin films obtained before and after
etching are presented in figure 3. Here, the Ba 3d spectrum of the as-deposited BTO thin film exhibits a doublet
of peaks at about 793.66 and 778.29 eV due to the Ba 3d; ;, and Ba 3ds , levels, respectively (figure 3(a)). Further,
these are deconvoluted into sub-peaks at 779.36 and 780.20 eV due to BaO, 779.93 eV due to BaCO3, and 780.74
eV due to BaO,. The BaCO; bonds are due to contamination of the sample surface during thin film deposition
and transport for XPS measurement [36].

After the etching process of both the as-deposited and the 700 °C-annealed BTO films, a new peak appears at
781.98 eV due to BaCl,, while the intensity of the BaCOj3 peak is reduced. This indicates that the Ba on the
surface of the BTO thin film is etched away after bonding with Cl radicals, thereby reducing the proportion of
BaCOj; on the surface [15]. Surface residues that are not etched away after the bonding of Ba and Cl radicals
remain on the surface in the form of BaCl,.

Similarly, the XPS narrow scan Ti 2p spectra each exhibit a doublet of peaks at 464 and 456 eV due to the Ti
2p1 2 and Ti 2p; , levels, respectively, and are deconvoluted into sub-peaks corresponding to TiO (459.05 eV),
TiO, (457.75,458.24, and 458.68 eV) and Ti,05 (456.53 eV) (figure 3(b)) [37]. An additional peak is observed at
455.0 eV due to residual TiCly on the surface of both samples after the etching process [38], thereby indicating
that the surface Tiatoms are etched by bonding with Cl radicals in the form of TiCly. Further, the deconvoluted
sub-peaks of O 1s spectra show the bonding of Ti—O, Ba—O, and BaCOjs (figure 3(c)). After the annealing
process, the O 1s peak is shifted by about 0.2 eV towards a lower energy due to compensation of the cation
defects. Further, the Ba—O bonds are significantly decreased in both the as-deposited and 700 °C-annealed BTO
thin films after the etching process, while the Ti—O and Ba—C—O bonds are unaffected. This may be because the
Ba—Cl chemical bond occurs more predominantly than the Ti—Cl bond, as can be seen from the Gibb’s free
energies of BaCl, (- 806.67 k] mol ") and TiCl, (- 737.2 k] mol ") [39]. In particular, the decrease in the B-O
bond is more significant in the as-deposited sample than in the 700 °C-annealed sample, which may be due to
the difference in crystallinity of the two thin films.

As expected, no Cl 2p peak is observed in either the as-deposited or the 700 °C-annealed sample before
etching, whereas, a Cl 2p peak is observed in both thin films after the Cl,/Ar plasma etching process
(figure 3(d)). Moreover, the as-deposited BTO thin film exhibits a significantly larger Cl 2p peak than does the
annealed thin film. This is due to the different crystallinities of the thin films, such that the penetration of Cl
radicals into the BTO thin film surface under bottom RF power occurs more easily in the low-crystallinity (as-
deposed) thin film than in the high-crystallinity (annealed) thin film, as shown schematically in figure 2(b).

The XPS elemental contents of the as-deposited and 700 °C-annealed BTO thin films before and after
plasma etching are summarized in table 1. In each case, the proportion of Ba atoms is seen to decrease after
etching. However, the as-deposited thin film exhibits a larger decrease in the proportion of Ba atoms, along with
alarger increase in the proportion of Cl atoms, than does the as-annealed thin film. In addition, the as-deposited
thin film exhibits a much larger decrease in the amount of surface Ti than does the annealed thin film after the
etching process. In conclusion, the BTO thin film is etched mainly via BaCl, and TiCly bonding in the presence
of the Cl,/Ar plasma, with BaCl, bonding proceeding more actively than TiClx bonding on the surface of the
low-crystallinity BTO thin film.

The bottom RF power of the plasma etching process causes strong physical sputtering of radicals and ions in
the plasma, and these can penetrate into the bulk of the thin film to cause chemical contamination and defects.
The depth variations in the chemical compositions of the as-deposited and 700 °C-annealed BTO thin films after
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Figure 3. The high-resolution Ba 3d (a), Ti2p (b), O 1s (¢c), and Cl 2p (d) XPS spectra of the various samples. In (a) to (c), the blue
background indicates the XPS spectra of the as-deposited BTO films, and the orange background indicates the XPS spectra of the 700
°C-annealed thin films.

the etching process are revealed by the XPS profiles in figure 4. Here, both samples exhibit high surface
concentrations of O 1s (black profile) and C 1s (blue profile) due to contamination and oxidation of the thin film
surface upon exposure to the atmosphere during transport for XPS analysis after Cl,/Ar plasma etching. Hence,
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Figure 4. The XPS depth profiles of (a) the as-deposited BTO thin film and (b) the annealed thin film after the etching process.

Table 1. The atomic percentages of Ba, Ti, O, and Cl in the as-deposited and
700 °C-annealed BTO thin films before and after etching.

As-deposited Annealed
Before After etch- Before After etch-
etching (%) ing (%) etching (%) ing (%)
Ba3d 17.0 13.7 18.1 16.5
Ti2p 24.7 22.0 22.7 22.6
Ols 58.3 56.9 59.2 59.1
Cl2p 0 7.5 0 1.8

the C peak disappears after about 25 s of etching time, while the intensity of the O peak decreases from about 60
to about 50 at% after about 50 s, as the bulk of the film is sampled. In the as-deposited BTO thin film

(figure 4(a)), the atomic percentage of Ti 2p becomes higher than that of Ba 3d between 25 and 125 s, after which
the atomic percentage of Ba 3d exceeds that of Ti 2p. Meanwhile, the atomic percentage of Cl 2p gradually
decreases from 7 to 3% as the etching time increases. In the 700 °C-annealed BTO thin film, however, the atomic
percentage of Ba 3d is consistently higher than that of Ti 2p, and both concentrations are maintained at constant
levels after 50 s, while the atomic percentage of the Cl 2p remains very low. Thus, the Cl radicals and Ar ions in
the Cl,/Ar plasma have more pronounced effects in the bulk of the as-deposited BTO thin film than in the as-
annealed thin film. This can be attributed to the difference in crystallinity, such that the Cl radicals penetrate into
the crystal defects in the as-deposited BTO thin film, where they are trapped as residues and bond with Ti atoms
[40, 41], whereas the high surface crystallinity of the as-annealed BTO prevents the deep penetration of Cl
radicals and Ar ions.

The surface morphologies of the as-deposited and 700 °C-annealed BTO thin films before and after the
Cl,/Ar plasma etching process are revealed by the AFM images in figure 5. Before etching, the as-deposited BTO
thin film exhibits a very smooth surface, with a roughness of 0.5 nm (figure 5(a)), while the as-annealed thin film
exhibits a slightly increased surface roughness of 7.6 nm due to the surface crystallization (figure 5(b)). After the
etching process, however, the surface roughness of the as-deposited BTO thin film is significantly increased to
31.7 nm (figure 5(c)), whereas that of the as-annealed BTO thin film has decreased very slightly to 4.7 nm
(figure 5(d)). These results suggest that the amorphous state is partially present in the as-deposited BTO thin
film, and that the etching rate is higher in the amorphous region than in the crystalline region, thereby resulting
in an increased surface roughness during the etching process. However, because the surface of the as-annealed
BTO thin film is mostly crystallized, the etching rate is similar on most parts of the surface, thus leading to no
significant change in surface roughness. Since the metal/insulator interface topography deeply affects the
electric field strengths and leakage currents of devices such as transistors and capacitors, this indicates that the
use of the annealing process prior to etching can be advantageous for improving the device performance [42, 43].
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Figure 5. The AFM images and corresponding RMS surface roughnesses of (a) and (c) the as-deposited BTO thin film (a) before and
(¢) after etching, and (b) and (d) the 700 °C-annealed BTO thin film (b) before and (d) after etching.

4, Conclusions

Herein, the Cl,/Ar plasma etching characteristics of magnetron-sputtered BTO thin films were investigated
according to their surface crystallinities. To increase the surface crystallinity, the as-deposited BTO film was
annealed at 700 °C for 2 h in an oxygen atmosphere, and XRD analysis confirmed that the (110) orientation was
newly formed on the annealed surface. The etching rate was highest at the Cl,/Ar gas ratio of 75:25 in both the
as-deposited and as-annealed BTO thin films, and was higher in the low-crystallinity (as-deposited) thin film
than in the high-crystallinity (as-annealed) thin film. The XPS spectra indicated that the BTO thin film was
etched in the form of BaCl, and TiClx by bonding with Cl radicals, and the BaCl, bonding was more dominant
than that of TiClx. In addition, the bonding of BaCl, occurred more actively in the as-deposited BTO film than
in the as-annealed film. The XPS depth analysis confirmed that Cl radicals were deeply inserted in the defects of
the low-crystallinity thin film under the bottom RF power, where they remained in the form of TiCly. Further,
AFM analysis revealed that the surface roughness was highest for the as-deposited, etched BTO thin film, while
no significant change was observed in the surface roughness of the as-annealed BTO film before and after
etching. These results demonstrate the effect of the surface crystallinity provided by the annealing process upon
the subsequent plasma etching of the BTO thin film, and are expected to provide a direction for the process
design of thin films for high-performance electronic devices.
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