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In this study, we carried out an investigation of the etching characteristics (etch rate, and selectivity to SiO,) of ZrO,
thin films in a CF,/Ar inductively coupled plasma (ICP) system. The maximum etch rate of 60.8 nm/min for ZrO,
thin films was obtained at a 20 % CF,/(CF,+Ar) gas mixing ratio. At the same time, the etch rate was measured as a
function of the etching parameter, namely ICP chamber pressure. X-ray photoelectron spectroscopy (XPS) analysis
showed efficient destruction of the oxide bonds by the ion bombardment, as well as an accumulation of low volatile
reaction products on the etched surface. Based on these data, the ion-assisted chemical reaction was proposed as
the main etch characteristics for the CF,-containing plasmas.
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1. INTRODUCTION

Plasma etching of high-k materials, including ZrO, and HfO,,
has attracted much attention, due to an increased concern for
integration of these materials in metal-oxide-semiconductor
field effect transistor (MOSFET) fabrication. The thickness of the
gate dielectric, SiO,, should be reduced down to 2 nm or less. The
thickness reduction of SiO, brings many serious problems, such
as increased gate leakage current, and reduced oxide reliability
[1]. To overcome these drawbacks, many metal oxides with high
dielectric constant materials have been reported [2-9]. Although
these materials have high dielectric constants, some of these fail
one or more of the criteria. These issues prompt research for an
effective plasma etching process to integrate high-k materials in
MOSEFETs. This work is therefore aimed at developing an effec-
tive plasma etching chemistry, with an adequate etching rate of
710, thin film.

Research to date shows the dependence of the ZrO, etch rate
on the operating conditions, using Cl,/Ar, HBr/CF,, and HBr/SF;
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plasmas, but does not discuss the etch mechanism, the relation-
ships between the process parameters, or the chemistry.

In this work, we investigated the etching characteristics of
710, to Si0O,, using an inductively coupled plasma (ICP) system.
Etching characteristics were investigated in terms of ZrO, thin
film, and selectivity of ZrO, thin film over SiO, as a function of
the etch chemistry. The chemical states on the etched surface
were investigated with X-ray photoelectron spectroscopy (XPS).

2. EXPERIMENTAL DETAILS

The ZrO, thin films used in this work were deposited by
atomic layer chemical vapor deposition. The total thicknesses of
the ZrO, thin films were about 100 nm. The dry etching process
was performed in an ICP system, as shown schematically in Fig.
1. This consisted of a cylindrical chamber with a diameter of 26
cm. The top copper coil was operated with 13.56 MHz RF power,
and was located on the chamber lid, to generate high-density
plasma. The bottom electrode was connected to another 13.56
MHz asymmetric RF generator, to control the DC-bias voltage.
The distance between a quartz window and the substrate elec-
trode was 9 cm. The chamber was evacuated to 10° Torr using a
mechanical pump (2M80, BOC Edwards) and a turbo molecular
pump. The ZrO, thin films were etched with CF,/Ar gas mixing.
The gas mixing ratio and process pressure were varied, to find
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Fig. 1. Schematic diagram of the inductively coupled plasma system
for ZrO, thin film etching.
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Fig. 2. Etch rates of ZrO, thin films as a function of the CF,/Ar gas
mixing ratio. The RF power was maintained at 600 W, the DC-bias
voltage was - 250V, the process pressure was 15 mTorr, and the sub-
strate temperature was 45C.

the characteristics of etching. For these experiments, RF power,
DC-bias voltage, process pressure and substrate temperature
were 600 W, - 250V, 15 mTorr and 45C, respectively. In addition,
plasma etching of ZrO, thin films was investigated by including
the RF power, DC-bias voltage, and process pressure of 500 W ~
650 W, - 150V ~ - 300V, and 9 ~ 20 mTorr in the CF,/Ar gas mixing
ratio. The etch rates were measured using a depth profiler KLA
Tencor, a-step 500; Sanjoe, Ca, USA). The chemical reactions on
the surfaces of the etched ZrO, thin films were evaluated using
X - ray Photoelectron Spectroscopy (XPS, Thermo VG, SIGMA
PROBE; East Grinstead, West Sussex, England). The source type
for the XPS analysis was Al K, with a spot size of 400 pm. The en-
ergy step size was 0.1 eV.

3. RESULTS AND DISCUSSION

For the characterization of ZrO, thin film in an ICP etching
system, the plasma etching of ZrO, thin film and selectivity of
710, to SiO, were systematically investigated as various etch
chemistries. Figure 2 shows the etch rate of ZrO, thin film and
selectivity of ZrO, to SiO, as a function of reactive species con-
centration, when the total flow rate was maintained at 20 sccm.
Other process conditions, such as RF power, DC-bias voltage,
process pressure, and substrate temperature, were maintained at
600 W, - 250V, 15 mTorr, and 45C, respectively. Comparisons of
etch rates of the ZrO, thin film in Ar- (25 nm/min) and CF,- (44.03
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Fig. 3. Etch rates of ZrO, thin films as a function of the RF power. The
gas mixing was maintained at CF,/Ar(20:80%) plasma, the DC-bias
voltage was maintained at - 250V, the process pressure was 15 mTorr,
and the substrate temperature was 45C.

nm/min) based plasmas showed that the chemical etching was
more effective than physical sputtering [10]. The etch rate of
710, thin film increased, while the selectivity of ZrO, to SiO, also
increased. The maximum etch rate of ZrO, was 60.8 nm/min at a
20% of CF,/(CF,+Ar) gas mixing ratio. It is well known that fluo-
rine components of ZrO, thin film form high-volatile by-product,
such as ZrF, (melting point: 450C). The evident enhancement
of the ZrO, thin film etch rate in the pure CF, plasmas allows
one to assume that the chemical etch pathway provided by the
F atom is the dominant mechanism for the given set of input
process parameters [11]. In the case of the chemical etching of
the ZrO, thin films, we expect the contribution of this pathway
to be much lower, compared with the ion assisted chemical reac-
tion. The reason for this is that for ion energies of about 300 - 500
eV, typical sputtering yields for metal oxides do not exceed 0.5 -
1 atom/ion. In CF,-based plasma, addition of the CF, up to 20%
increased the etch rate through the action of two mechanisms: 1)
the accelerated chemical reaction by the ion-stimulated desorp-
tion of the reaction products, and 2) increase of the contribution
of the chemical etching. Nevertheless, when the CF, content ex-
ceeds 20%, the etch rate begins to fall, due to the “disappearance”
of the chemical etching [12,13].

Figure 3 shows the etch rate of ZrO, thin film as a function of
RF power. Other process conditions, specifically CF,/Ar(20:80%)
plasma, DC-bias voltage, and process pressure, were also main-
tained at - 250V, and 15 mTorr. As RF power increases, the ZrO,
thin film also increases, starting from 35.7 nm/min at 500 W, and
then reaches a maximum of 68.08 nm/min at 650 W. It can be
seen that an increase in RF power causes a monotonic increase
in both dissociation and ionization rates, and thus, in the den-
sities and fluxes of F atoms and positive ions [14]. In our case,
such layer can result from the deposition of solid F that is then
bonded with surface oxygen to form Zr-E as well as from F radi-
cals incorporated in the polymer-like structure.

The etch rates of ZrO, thin film are shown in Fig. 4 as func-
tions of the DC-bias voltage. Other process conditions, namely
CF,/Ar(20:80%) plasma, RF power and process pressure, were
also maintained, at 600 W, and 15 mTorr. As the DC-bias volt-
age increases from - 150 to - 300V, the etch rate of ZrO, thin film
increases from 33.98 to 97.5 nm/min. The selectivity of ZrO, to
SiO, was slightly increased. An increase in etch rate can be re-
lated to the increase of mean ion energy, resulting in increasing
sputtering yields for the ZrO, thin film, and reaction products
[15].

The effect of process pressure on etch rate is shown in Fig.
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Fig. 4. Etch rates of ZrO, thin films as a function of the DC-bias volt-
age. The gas mixing was maintained at CF,/Ar(20:80%) plasma, the
RF power was maintained at 600 W, the process pressure was 15
mTorr, and the substrate temperature was 45C.
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Fig. 5. Etch rates of ZrO, thin films as a function of the process pres-
sure. The gas mixing was maintained at CF,/Ar(20:80%) plasma, the
RF power was maintained at 600 W, the DC-bias voltage was - 250 V,
and the substrate temperature was 45C.

5. As process pressures increased from 9 to 20 mTorr, the etch
rates of ZrO, decreased from 79.98 to 53.8 nm/min. However,
we obtain a similar non-monotonic behavior, as was men-
tioned for the effect of the gas mixing ratio. In our opinion, the
effect of gas pressure can be explained as follows: an increase in
gas pressure at fixed CF,/Ar mixing ratio leads to an increase in
both density and flux of fluorine atoms on the etched surface,
but causes a decrease in ion flux and mean ion energy [16]. As
a result, with increasing gas pressure, there is a tendency for
the chemical etch pathway to accelerate, but a worse condition
obtains for the ion stimulated desorption of reactive products,
probably resulting in a decreasing fraction of acceptable free
surface for chemical reaction [17]. Similar to the effect of the
gas mixing ratio discussed above, these two factors working in
opposite directions produce a non-monotonic behavior of the
etch rate.

XPS analysis was performed for more detailed investigations
of the chemical reaction between ZrO, and fluorine atoms [18].
The chemical states on the etched surfaces were compared
with those on the as-deposited one. Figure 6 shows the (a) wide
scan spectra survey, and narrow scan spectra of (b) Zr, and (c)
O, which were obtained from the ZrO, thin film surfaces. Figure
6(b) shows the Zr 3d photoelectron peak from the as-deposited
710, thin film, which must originate from the Zr-O bonds. It can
be seen that, for the as-deposited film, the Zr 3d peak can be re-
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Fig. 6. The XPS narrow scan spectra of the etched ZrO, thin film sur-
face. The source power was maintained at 600 W, the DC-bias voltage
was - 250V, the process pressure was 15 mTorr, and the substrate
temperature was 45C (a) Survey, (b) Zr 3d, and (c) O 1s.

solved into two peaks, viz. Zr 3d,,, (184.1 eV) and Zr 3d;,, (181.8
eV). For Zr 3d, it can be seen in Fig. 6(b) that when the ZrO, thin
films were exposed to both CF,/Ar (20:80%) plasma and pure
CF, plasma, the peaks of Zr 3d at 184.75, 182.45 eV, and 184.55,
182.25 eV were shifted to a higher binding energy, by about +0.6
eV and +0.4 eV. This chemical shift indicates that Zr chemically
reacted with F resulting in the formation of Zr-F bonds on the
surface. The O 1s photoelectron peak is observed in the XPS nar-
row spectra of the etched ZrO, thin film surface. As shown in Fig.
6(c), for O 1s, after etching the ZrO, thin film in pure CF, plasma,
the shoulder peaks of O 1s decreased significantly, and the core
O 1s peaks at 529.8 eV shifted to 530.5 eV, as a result of the prefer-
ential removal of Zr and O, respectively. However, when the ZrO,
thin films were etched in CF,/Ar (20:80%) and pure CF, plasmas,
the O 1s peak intensity at 529.8+0.7 eV was increased, owing to
the formation of F-O bonds. The intensity of the O 1s peak for
the film etched in pure CF, plasma was higher than that of the
film etched in CF,/Ar plasma, as demonstrated by the dramatic
decrease in the number of F-O bonds, because of the effective
dissociation of Zr-O bonds by ion bombardment. Based on the
XPS result, it was revealed that Zr and O were removed by the
chemical reactions with the F radicals, and by the physical bom-
bardment of the Ar ions.
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4. CONCLUSIONS

Etching characteristics of ZrO, thin films were investigated in
terms of etch rate and selectivity, using CF,/Ar plasma. Experi-
ments were performed with variations of CF,/Ar gas mixing ratio,
RF power, DC-bias voltage, and process pressure. It was found
that the addition of CF, contents up to 20% led to the etch rate of
7r0, decreasing, in comparison with at CF, only. The maximum
etch rate of ZrO, films was 60.8 nm/min under 20% CF,/ (CF,+Ar)
in 600 W, - 250V, 15 mTorr, and 45°C. This showed that the in-
crease of CF, addition enhanced ion bombardment, and made
the etch rate decrease. The chemical states of etched ZrO, films
were investigated using XPS, and the chemical reaction between
7r0, and F was observed. The etching mechanism of ZrO, thin
films can be explained as follows: Zr interacted with the F radical
by adding CF,, but non-volatile etch byproducts, such as ZrF,,
were remained at the surface.
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