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Ferroelectric YMnO; thin films were etched with Ar/Cl, and CF,/Cl, plasma. The maximum
etch rate of YMnOs; thin film was 300 A/min at a Cl/Ar gas mixing ratio of 8/2, an RF power
of 800 W, a dc bias of —200 V, a chamber pressure of 15 mTorr, and a substrate temperature of
30 °C. From the X-ray photoelectron spectroscopy (XPS) analysis, yttrium was not only
etched by chemical reactions with Cl atoms, but also assisted by Ar ion bombardments in
Ar/Cl, plasma. In CF,/Cl, plasma, yttrium formed nonvolatile YF, compounds and remained
on and the etched surface of YMnO;. Manganese etched effectively by forming volatile
MnCl, and MnF,. From the X-ray diffraction (XRD) analysis, the (0004) diffraction peak
intensity of the YMnO; thin film etched in Ar/Cl, plasma shows lower than that in CF,/Cl,
plasma. It indicates that the crystallinty of the YMnO; thin film is more easily damaged by
the Ar ion bombardment than the changes of stoichiometry due to nonvolatile etch by-
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products.
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1. INTRODUCTION

High-integrated ferroelectric random access mem-
ories (FRAMs) have been attracted many attentions due
to their wide range of applications including smart cards,
mobile equipments such as cellular phone, and next
generation embedded memory devices. FRAMs are
classified into two types; destructive readout (DRO) and
nondestructive readout (NDRO){1]. NDRO metal-ferro-
electric-semiconductor field-effect transistors (MFS-
FETs) have advantages due to their small cell size and
simple structure. For the MFSFET structure, ferroelectric
thin films must have a relatively low permittivity and a
small interface state between Si and ferroelectric
films[2,3]. Thus, ferroelectric YMnO; thin film is a
predominant dielectric material for MFSFET structure
because it has a relatively low permittivity (g,=20) and
does not include volatile materials such as Pb and Bi
which easily diffuse into the Si substrate and lead to
point defects{4].

Although a lot of papers have been presented on the
growth of ferroelectric YMnQ; thin films[5-71, there has
been little study on patterning of YMnO; films for high-
integrated FRAMs. To fabricate high-integrated FRAMs,

plasma etching in highly density plasma is indispensable
for anisotropic pattern definition because it has good
selectivity and excellent process control. However,
plasma induced damage deteriorates the properties of
ferroelectric thin films. Plasma induced damage class-
ified as plasma-caused species permeation, residue cont-
amination, bonding disruption and current flow damage
[8]. Above all, the change of crystallinty and stoichi-
ometry caused by physical ion impacts or chemical
reactions seriously deteriorates the electrical properties
of ferroelectirc thin films.

In this study, YMnO; films were etched with an
inductively couple plasma (ICP). In order to study the
etch characteristics and plasma induced damages of
YMnO; thin films, we compare the etching rate of
YMnO; films with adding CF4 and Ar to Cl, plasma.
The diagnostics of the plasma were conducted using
optical emission spectroscopy (OES). The chemical
states on the etched surface of YMnOs thin films were
investigated  with  using X-ray  photoelectron
spectroscopy (XPS). For investigation of plasma etching
damages of YMnO; film, the crystallinity and surface
roughness were examined with using X-ray diffraction
(XRD) and atomic force microscope (AFM).
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Fig. 1. Schematic illustration of the inductively coupled
plasma (ICP) system.

2. EXPERIMENTAL

YMnO; thin film was grown by using sol-gel method.
The YMnOj; coating solution was spun-coated on
Pt/Ti/Si0,/Si substrates. To remove solvents, the heat
treatments were performed on the hot plate at 450 °C for
10 min. The coating and heat treatment were repeated 7
times to obtain a final thickness of 3000 A. The prepared
YMnO; thin films were annealed at 850 °C in Oy
ambient for 1 h for preferred c-axis crystallization.

A schematic illustration of ICP system is shown in
Fig. 1. The ICP etching equipment has a 3.5 turn copper
coil on top of the chamber separated by a 24-mm-thick
quartz window. To generate inductively coupled plasma,
the copper coil was powered by a 13.56 MHz source.
The bottom electrode was powered by a 13.56 MHz
source to generate self-bias voltage.

To investigate the effects of additive gases (Ar and
CF,) in Cl, plasma, we etched YMnO; films with Ar/Cl,
and CF,/Cl, plasma. For these experiments, the rf power,
the dc bias voltage, the chamber pressure, and the
substrate temperature were fixed at 800 W, -200 V, 15
mTorr, and 30°C, respectively. The etch rates of YMnOs

thin films were measured using an o-step surface
profiler (KLA TENCOR). Before etching the YMnO;
thin films, OES (NANOTEC NTSU-101) was used to
analyze the volume densities of atoms (Cl and F) and ion
(Ar) as functions of additive gas mixing ratio in Cl,
plasmas. The relative atomic percentages and chemical
reactions on the surface of the etched YMnO; films were
investigated with using XPS (ESCA-LAB 220-IXL).
The XPS Al-K, source provides chromatic X-ray of
1486.6 ¢V. The crystallinities of the etched samples were
investigated by using XRD (Rigaku-D/MAX diffractom-
eter with CuK, emission). The surface morphologies of
YMnQO; were investigated with AFM (PSI, Autoprobe
CP)
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Fig. 2. Optical emission intensities of Cl, F, and Ar as a
function of additive gas (Ar and CF,) concenirations in
Cl, plasma (coil rf power of 800 W, dc bias of 200 V
and chamber pressure of 15 mTorr).

3. RESULTS AND DISCUSSION

To understand the effect of additive gases (Ar and
CF,) into Cl, plasma, we measured the changes of active
etching species with OES. Figure 2 shows the optical
emission intensities of Cl (436 nm), F(703.7 nm), and Ar
(750.4 nm) as a function of Ar or CF, mixing ratio in Cl,
plasma. In Ar/Cl, plasma, the optical emission intensity
of Cl increased with increasing of Ar concentration up to
20 %. The increase of the Cl atom intensity is due to the
transparency effect by metastable Ar atoms. As the Ar
concentration increase over 20 %, the intensity of CI
atom decreased due to the reduction of Cl; molecules. In
CF./Cl, plasma, the optical emission intensities of the F
and Cl atom increase rapidly as the CFs concentration
increases. The optical emission intensities of the C] have
a maximum value at 10 % CF, concentration. This result
can be explained by the fact that the addition of a small
amount of CF, to Cl; enhances the generation of Cl by
the reactions of following equations[9];

ClL+F — FCl+ Cl (H
Clh+CEF,— CCIF,+ Cl )

Figure 3 shows the etch rate of YMnO; as a function
of Ar and CF, concentration to Cl, plasma.
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Fig. 3. Etch rate of YMnO; as a function of additive gas
(Ar and CF4) concentrations in Cl, plasma (coil rf power
of 800 W, dc bias of 200 V and chamber pressure of 15
mTorr).

Table 1. The relative atomic percentages of YMnO; thin
films for as deposited and etched with Cly/Ar and
Cl,/CF, plasma (coil 1f power of 800 W, dc bias of —200
V and chamber pressure of 15 mTorr).

Y Mn O Cl F

As-depo. 314 233 368

Ar(20%)/

CL(80%) 138 7.0 221 44
CF4(10%)/

CL,(90%) 258 526 27 9 16

The maximum etch rate of YMnO; film is 300 A/min
at an Ar /Cl, gas mixing ratio of 2/8. The etch rate of
YMnO; thin film increases as the Ar concentration
increases up to 20 %, and then decreases with further
increase of the Ar concentration. These results indicate
that YMnO; film is effectively etched by chemical
reactions with Cl atoms, which was dissociated by
metastable Ar ions, and physical ion bombardments of
Ar. However, as the CF; concentration increases, the
etch rate of YMnO; decreases in spite of increase of CL
This can be explained by the fact that the accumulation
of YF; prevents from forming volatile etch byproducts.

The chemical states of YMnQj; surface were
mmvestigated with XPS. The components of YMnO; (Y,
Mn, and O), C, Cl and F were observed. Table 1 shows
the relative atomic percentages of as-deposited YMnO;
thin film and YMnO; films etched with Ar(20%)/
C1(80%) and CF4(10%)/C1,(90%). As shown in Table 1,
the relative atomic percentages of Y and O have lowest
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Fig. 4. (a) Y 3d and (b) Mn 2p XPS narrow-scan spectra
of YMnOQO; thin films of (1) as deposited and YMnO; thin
films etched with (2) Ar/Cl, and (3) CF,/Cl, plasma (coil
rf power of 800 W, dc bias of —200 V and chamber
pressure of 15 mTorr).

values of 13.8 % and 22.1 % at Ar(20%) /C1,(80%). This
indicates that metals (Y and Mn) react with Cl
effectively in Ar/Cl, chemistry, formed metal-chlorines
and they are removed from YMnO; film surface assisted
by Ar ion bombardments. As CF, adds to Cl; plasma
increases, the relative atomic percentage of Y and O
increases but that of Cl on the surfaces of etched YMnO;
decrease. As described in Fig. 2, the 10 % addition of
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CF, to Cl, plasma increases the Cl atoms; however, Y
were not sufficiently reacted with Cl atoms since Y were
dominantly reacted with F atoms. The electronegativity
of fluorine (3.98) is higher than that of chlorine (3.0).
The strength of the chemical the bonds of Y-F is stronger
than that of Y-CI[10]. Therefore, it seems that fluorine
yttrium is more chemically stable than chlorine yttrium.
It is more difficult to remove YF, compounds from
surface of YMnO; than YCl, compounds because the
melting points of YF, compounds (YF;: 1155 °C) are
higher than those of YCl, (YClL;: 721 °C) [10]. Therefore,
the YF, compounds remains on the surfaces of YMnO;
etched with CF4/Cl, plasma. The relative atomic
percentage of Mn is lowest at CF4 (10%)/Cl1,(90%). This
means that Mn is etched effectively by chemical
reactions with Cl and F.

In order to investigate the chemical reactions between
Cl and F atoms with elements of YMnO; (Y and Mn),
XPS narrow scan analysis was performed. Figure 4
shows XPS narrow scan spectra of (1) as-deposited
YMnO; thin film and etched YMnO; thin films at (2) an
Ar(20%)/Cl, (80%) and (3) CF4(10%)/Cl, (90%).

Figure 4(a) presents Y 3d narrow scan spectra. The
peaks at 159.9 and 161.95 eV binding energies in
spectrum (1) of Fig. 4(a) could be assigned to Y-O 3dsp,
and Y-O 3ds,, bonds, respectively. As shown in spectrum
(2) of Fig. 4(a) after expoed in Ar/Cl, plasma, the peak
intensities of Y-O bonds have the lowest value. These
results can be explained that the Y-O bonds are broken
easily by chemical reactions between Y and Cl, and YCI,
compounds effectively removed from surface of YMnO;
by Ar ion bombardments. In spectrum (3) of Fig. 4(a)
after exposed in CF4/Cl, plasma, the peaks at 160.9 and
162.95 eV could be assigned to Y-F bonds. As described
in relative atomic percentage section, the binding energy
of Y-F bond is higher than that of Y-CI bond and the
peak intensities Y-F bonds are larger than those of Y-O
bonds. These results suggest that F s easily react with Y,
and nonvolatile YF, compounds remained on the etched
surface due to their high melting points.

Figure 4(b) shows the Mn 2p XPS narrow scan
spectra. In spectrum (1) from as-deposited films, the
peaks at 645.2 eV and 656.9 eV binding energies are
assigned to Mn 2p;,—O and Mn 2p,,»,—O bonds,
respectively. After exposed in Ar/Cl, plasma (spectrum
(2) of Fig. 4(b)), the peak intensities of Mn-O bonds are
reduced and the new paeks are appeared at 650.2 and
661.9 eV, which could be assigned to Mn-Cl bonds.
These results suggest that Mn-O bonds are broken by
chemical reactions between Mn and Cl s, and then
MnCly compounds removed from YMnO; surfaces
assisted by Ar ion bombardments. After exposed in
CF,/Cl, chemistry (spectrum (3) of Fig. 4(b)), the peaks
can be resolved into three elements such as Mn-O, Mn-
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Fig. 5. AFM image of YMnO; thin films;(a) As
deposited (b) etched with Ar/Cl, plasma, and (c) etched
with CF4/Cl, plasma (coil f power of 800 W, dc bias of
—200 V and chamber pressure of 15 mTorr).

Cl, and Mn-F peaks[11,12]. Although we expect there
will be peaks of Mn-F bonds, it is difficult to find precise
binding energies of Mn-F bonds in spectrum (3) of Fig.
4(b). Thus, we can expect that there will be Mn-F peaks
at higher binding energies than Mn-O and Mn-Cl peaks.
As shown in Fig. 4(b), Mn-Cl bonds are reduced in
CF,/C], chemistry. Compared spectrum (3) Fig. 4(b) with
Table 1, it is confirmed that F and Cl break the Mn-O
bonds effectively by chemical reactions between active
atoms (F and Cl) and Mn.
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Figure 5 show the surface morphologies of YMnO; for
(a) as-deposited and etched As shown in Fig. 5(a), grains
of as-deposited YMnOj thin film are well developed and
the root mean square (rms) roughness is 4.4 nm. The rms
surface roughness of the YMnO; at an Ar/Cl, plasma is
5.7 nm. This can be explained by the fact that elements
of YmnOs and etch byproducts could be etched different
ways due to Ar bombardment. The surface roughness of
YMnO; thin film has a largest rms value at the Ar/Cl,
chemistry. However, rms at CF,/Cl, plasma is 3.1 nm. In
CF.,/Cl, chemistry, the surface roughness of YMnOs thin
film decreased compared with as-deposited sample
because etching by-product (such as Y-F) remained on
the surface of the YMnO; film due to their high melting
points.

Figure 6 shows XRD patterns of YMnOj thin film for
(a) as-deposited, etched with (b) Ar(20%)/C1,(80%) and
(¢) CF4(10%)/Cl(90%). As shown Fig. 6, an as-
deposited YMnO; thin film showed a good crystall-
ization to preferred c-axis orientation, but any secondary
phases were not observed. After etched with Ar/Cl,
plasma, the peak intensity of (0004) of the YMnO; thin
is much lower than that of as-deposited YMnO; film.
However, the peak intensity of (0004) of YMnO; thin
film etched with CF,/Cl, plasma decreases a little. From
these results, it is assumed that the hexagonal crystalline
of YMnO; thin film is more easily damaged by Ar ion
bombardments than changes of stoichiometry on the film
surface due to non-volatility of the etch by products.
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Fig. 6. XRD patterns of YMnO; thin films of (a) as
deposited and YMnO:s thin films etched with (b) Cly/Ar
and (c) Cl,/CF,plasma (coil rf power of 800 W, dc bias
of —~200 V and chamber pressure of 15 mTorr).

4. CONCLUSION

In this work, YMnQ; thin films were etched with
Ar/Cl, and CF,/Cl, inductively coupled plasma. The
maximum etch rate of YMnOs thin films was 300 A/min
at an Ar /Cl, gas mixing ratio of 2/8, an rf power of 800
W, a dc bias voltage of —200 V, a chamber pressure of 15
mTorr, and a substrate temperature of 30 °C. Addition of
Ar to Cl, caused YMnO; etch rate to increase In contrast,
addition of CF; to Cl, caused YmnOj; etch rate to
decrease. From XPS analysis, Y and Mn react with Cl s
effectively with Ar/Cl, plasma, and they are removed
from YMnQ; film surface assisted by Ar ion bom-
bardments. However, the addition of CF, forms the
nonvolatile fluoride yttrium remained on the etched
surfaces. From AFM and XRD analyses, the YMnO;
thin film etched with Ar/Cl, plasma was more damaged
than YMnO; thin film etched with CF,/Cl, plasma. Thus,
it is assumed that the damage of YMnOs film by Ar ion
bombardments during etch process is more severe than
damage of YMnO; film caused by changes of stoich-
iometry on the film surface due to nonvolatile etch by
products.
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