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Dry etching of TaN/HfO, gate-stack structure in BCl3/Ar/O, inductively

coupled plasmas
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In this work, etching characteristics of TaN(200 nm)/HfO,(80 nm) gate-stack structures on Si
substrate were investigated by varying the process parameters such as BCl;/(BCl;+Ar+0,) gas
mixing ratio (Q), top-electrode power, dc self-bias voltage (Vg4.), and overetch time in an inductively
coupled plasma etcher. To understand the role of the etch gas chemistry, we measure the relative
changes in the optical emission intensity of ions and radicals in the plasma as well as in the chemical
binding states of the etched TaN surfaces. We used optical emission spectroscopy and x-ray
photoelectron spectroscopy respectively. The results showed that BCl;/Ar/O, plasma is more
effective in etching the oxidized TaN than Cl,/Ar/O, or HBr/Ar/O, plasma. It is believed that the
B radical species removes the oxygen atoms on the oxidized TaN surface more effectively by
forming volatile boron-oxygen-chlorine compounds, such as trichloroboroxin (BOCI)3), boron
oxychloride (BOCI), and boron dioxide. The measurement data also indicated that high etch
selectivities of the TaN to the HfO, layer could be obtained at the low V., high top-electrode power,

and shorter overetch time. © 2006 American Vacuum Society. [DOI: 10.1116/1.2210944]

I. INTRODUCTION

Development of advanced high-k gate dielectrics and their
integration into advanced nanoscale complementary-metal-
oxide-semiconductor (CMOS) devices below the 50 nm
technology node have gained considerable attention recently
because of the need to replace ultrathin SiO, or nitrided SiO,
gate dielectrics. To integrate the high-k gate dielectric mate-
rials in nanoscale CMOS devices, metal gate electrodes are
expected to be used in the future. An important consideration
in selecting metal gate electrodes is the work-function value
and their processibility for integration. Currently, to integrate
the Hf-based high-k dielectric materials, including HfOz,l_4
HfON,> HfA10,” HfSiO,* and HfSiON,”'” the metal gate
electrode materials including TaN,()"O_13 TiN,4‘13 A4 HfN,3’15
WN,13 TaSiN,z’16 and metal silicides'” are being widely stud-
ied for next-generation nanoscale CMOS devices.

Adoption of these materials imposes integration prob-
lems. Among many integration issues, selective etching of
metal gate electrodes and the high-k gate dielectrics over the
Si substrate is expected to be one of the critical steps in the
process integration of the front end of the line (FEOL).!” For
patterning of the metal gate electrode/high-k structure, two
integration schemes can possibly be employed. In the first
case, the metal gate electrode is selectively etched with a
high etch selectivity against the high-k dielectric layer, and

¥ Author to whom correspondence should be addressed; electronic mail:
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then the high-k dielectric layer is removed. After the metal
gate electrode is etched, the remaining high-k dielectric layer
needs to be removed by a wet-etch'®2° and/or dry-etch
processeszo_29 with a high etch selectivity to the Si substrate.
In the second method, the metal gate electrode/high-k dielec-
tric stacks can be selectively etched in one step at a time with
the same etch chemistry over the Si source/drain regions. In
this case, a very high etch selectivity of the gate stacks to the
Si substrate is also needed to minimize the Si loss at the
ultrashallow source/drain regions. In both methods, the etch
selectivity of the etched layers (metal electrode or high-k
dielectrics) to the underlayers (high-k dielectrics or Si sub-
strate) is one of the most important parameters in patterning
the gate-stack structures.

The previous reports on the etch rate selectivity of the
high-k HfO, to the Si substrate in the SFq/Ar and Cl,/Ar
inductively coupled plasma® (ICP) and ZrO, etching in the
electron cyclotron resonance (ECR) BCl,/Cl, plasm21524’25
showed etch selectivities of less than 1 and 1.5, respectively.
These results indicate that a high etch selectivity of the typi-
cal high-k dielectric to the Si substrate is difficult to obtain.
Therefore, a two-step etching of the metal gate electrode
followed by high-k dielectric removal might be a practical
solution. For the practical applications during the process
integration, therefore, the low etch selectivity of the high-k
dielectrics to the Si substrate and difficulty in removing of
etch residues after etching,lg’19 rather than the etch rate itself,
are the limiting factors in gate patterning. In this aspect,

©2006 American Vacuum Society 1373
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etching process development with a high etch selectivity of
the metal gate electrode to the high-k dielectric is required.

In this report, etch rates and etch selectivity of TaN/HfO,
gate-stack structures on Si substrate were investigated by
varying the process parameters such as BCly/(BCl3+Ar
+0,) gas mixing ratio, top-electrode power, bottom bias-
electrode power, and overetch time in an ICP etcher. Optical
emission spectroscopy (OES) of the plasma in the chamber
and x-ray photoelectron spectroscopy (XPS) of the etched
TaN surfaces were also done to understand the etch mecha-
nism of the TaN/HfO, stack structure.

Il. EXPERIMENT

Etching experiments were carried out in a modified com-
mercial 8 in. ICP etching unit having a 3.5 turn spiral copper
coil on the top of chamber separated by a 1-cm-thick quartz
window and pumped by a turbo molecular pump backed by a
dry/booster pump. The schematic of the system was de-
scribed elsewhere.’®?! Substrate holder temperature during
etching was kept constant by circulating cooling water at
18 °C. The samples were fixed on an 8 in. wafer placed on
the substrate holder using a heat-conductive paste, DC 340
(Dow Corning). A top-electrode power of 13.56 MHz was
applied to the top coil electrode to induce ICP. Another
13.56 MHz of bottom-electrode power was applied to the
substrate holder to induce dc self-bias voltage (V) to the
wafer.

For sample preparation, the HfO, layer with a thickness
of 80 nm was deposited on the Si(001) substrate by rf reac-
tive sputtering of the Hf target using O,/Ar sputtering gas.
Here, a relatively thick HfO, layer was used to evaluate the
etch selectivity. The 200-nm-thick TaN layer was deposited
on the HfO,/Si(001) substrate by dc magnetron sputtering of
the TaN target using Ar sputtering gas. Etching masks for the
TaN/HfO,/Si(001) samples were patterned using an optical
lithography of positive photoresist (PR) with a thickness of
~1.8 um.

First, TaN etch rates were measured by partially etching
the TaN layers in the TaN/HfO, stack with the photoresist
mask. Then, the TaN/HfO, stack structures were etched so
that the samples were partially etched down to the HfO,
layer. Etch depths of the TaN and HfO, films were obtained
by a field emission scanning electron microscopy (FE-SEM).
The overetch time was 30 s, except for the experiment on the
effect of overetch time on etch selectivity (see Fig. 7). Using
the premeasured TaN and HfO, etch rates, TaN/HfO, etch
selectivity was estimated.

To understand the etching mechanism of TaN and HfO,,
OES was used to investigate the species in the plasma. Emis-
sion spectra at the wavelength range of 200—1000 nm were
detected in this experiment. Species with optical emission
were monitored as the peak intensities of characteristic opti-
cal lines. The optical emission lines corresponding to Ar, B,
and ClI ions or radicals were mainly monitored in the work.
The surface binding states of the TaN thin film etched in the
BCl;/Ar/O, plasmas were investigated using XPS. The
Mg Ka source for XPS provides nonmonochromatic x rays
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at 1253.6 eV. XPS narrow-scan spectra of all the interesting
regions were recorded with a pass energy of 20 eV. The
takeoff angle, which is an angle between the axis of the
detector and the substrate, was kept at 90° and the x ray was
incident on the substrate surface with the angle of 54.7°. The
binding energy of 244.6 eV corresponding to the C 1s spec-
tra was used as a reference peak position.

lll. RESULTS AND DISCUSSIONS

A. Effect of TaN surface oxidation

In this experiment, we found that etching of TaN layers
depended greatly on the surface condition of the TaN layers.
To elucidate the effects of the TaN surface condition on TaN
etching, we carried out the chemical and structural analyses
of the TaN surfaces before etching using the various etch
chemistries based on Cl,, BCl;, and HBr gases. The depos-
ited TaN layers were exposed to the air before etching. Etch-
ing experiments were performed by using the
Cl,(BCl;,HBr)/Ar/O, chemistries. The results showed that
the TaN samples used in this experiment could not be etched
in the Cl,/Ar/O, and HBr/Ar/O, plasmas, but could be
etched in the BCl;/Ar/O, plasma.

To find the reason for the difficulty in etching the surface-
oxidized TaN, chemical and microstructural analyses of the
deposited TaN layers were performed. Figures 1(a) and 1(b)
show the FE-SEM and cross-sectional transmission electron
microscopy (XTEM) micrographs of the unetched TaN lay-
ers, and Fig. 1(c) shows the XPS spectra of the unetched TaN
surfaces. The FE-SEM and XTEM images in Figs. 1(a) and
1(b), respectively, show the formation of the very thin oxi-
dized layer with a thickness of ~5 nm. XPS spectra in Fig.
1(c) also show the strong Ta—O peaks due to the surface
oxidation of the TaN layer. Energy dispersion spectroscopy
(EDS) mapping in the XTEM also confirmed the oxidation
of the TaN surface. In the case of the TaO,N, layer forming
on the TaN surface, the chemical reaction of CI radicals with
the oxygen on the TaO,N, surface is required. Because the
chemical reaction of CI with Ta atoms leading to the breakup
of Ta—O bonds requires high energy, the etching reaction can
be limited because of the surface oxidation of the TaN layers.
The previous etching experiments of TaN by our group indi-
cated that well-controlled reactive-sputtered TaN could be
etched in the Cl,/Ar (Ref. 30) and Cl,/Ar/SF, (Ref. 30)
ICP. Other TaN etching experiments, however, showed the
difficulty in plasma etching of the oxidized TaN layers.29 The
differences in the present experiments compared to the pre-
vious experiments”’31 are presumably attributed to the
longer air exposure time and the deposition method. Because
the TaN layers can be etched well using BCl;/Ar/O, regard-
less of the TaN surface conditions, we investigated plasma
etching characteristics of the TaN/HfO, stack structure in
the BCl3/Ar/O, inductively coupled plasmas by varying the
various process conditions.
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FiG. 2. Etch rates of TaN and HfO, and etch selectivity of the TaN layer to
the PR and the HfO, layer as a function of the BCl3/(BCl;+Ar+0,) gas
mixing ratio Q.

and then gradually decreased at 9 =0.3. On the other hand,
the HfO, etch rate slowly increased as Q increased. Figure 2
also shows the etch selectivities of TaN to PR and HfO, with
varying Q. As Q increased from 0.2 to 1, the etch selectivity
of TaN to-PR decreased from ~3.9 to ~1.8 and that of TaN
to HfO, increased from ~6.5 to ~8.8.

To find a correlation between the etch rates of the TaN
and HfO, layers and any change in the density of the species
in the plasmas, we measured the optical emission spectra of
the BCl3/Ar/O, inductively coupled plasmas as a function
of Q. The optical emission spectra of the C1* ions (268.8 and
544.4 nm), B radicals (608.0 nm), Ar* ions (738.0 nm), and
Ar (763.5 and 811.5 nm) were monitored, and their intensi-
ties are shown in Fig. 3. The optical emission intensities of

Intensity (a.u.)

—0—CI':268.8nm —4—Cl": 544.4 nm
* - Bradical : 608.8 nm
~v—Ar :7380nm —&—Ar :763.5nm
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FiG. 1. (a) FE-SEM and (b) XTEM micrographs of the unetched TaN, and - . /D/D o
(c) XPS spectra obtained from the unetched TaN layer. z ﬁ\
& \
2\
- . Q| e\ . e °
B. Effect of BCl;/(BCl3+Ar+0,) gas mixing ratio Q 5 N %
- o NAN—5T
First, etching characteristics of the TaN/HfO, gate struc- £ r—® .
tures were measured in the BCl3/Ar/O, ICP by varying the \\ _
BCl;/(BCl;+Ar+0,) gas flow ratio Q from 0 to 1 at a fixed - <’\
O, flow of 5 SCCM (SCCM denotes cubic centimeter per \\‘T»—»-\74_‘:‘"\ -
minute at STP) and a total flow rate of 55 SCCM. The top- ’ . ) 77 ’?
electrode power and V. were fixed at 300 W and —-100 V, 0.2 0.4 0.6 0.8 1.0
respectively. TaN etch rate and etch selectivity of the TaN to :
P ¥ Y BCI /(BCI +Ar+0,) flow ratio, Q

the PR and HfO, layer in the PR/TaN/HfO, gate structure
were measured, and the results are shown in Fig. 2. As O FiG. 3. Optical emission intensity of Cl ions, B radicals, Ar ions, and Ar
increased from O to 0.2, the TaN etch rate increased rapidly radicals by OES as a function of Q at a fixed O, flow rate of 5 SCCM.
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the B radicals and CI* ions only slightly increased at the
range of Q from 0.2 to 1, and those of the Ar atoms and Ar*
ions gradually decreased as Q increased. Emission signal in-
tensity corresponding to the Cl radicals was too small to
observe from the OES spectra due to the limited detection
sensitivity in the our experimental setup, but the Cl radical
emission intensity would be similar to the trend of CI* ions
with the BCl; flow increase. A significant observation is that
the optical emission intensity of the Cl ions and B radicals is
not correlated with the trend in the TaN etch rate in Fig. 2.

Because halide etch by-products of TaCls and TaF5 have
relatively low volatility due to the relatively high boiling
points of 242 (Ref. 32) and 230 °C,* respectively, an ion-
assisted etching mechanism is needed for the Ta-containing
materials.****™ The etch rates of TaN are expected to
strongly follow the behavior of the neutral-to-ion flux ratio
I'y/T; provided that the reaction of Cl radicals with TaN, i.e.,
the chlorination, is a dominant factor in determining TaN
etch rates.***! In fact, the correlation between the etch rate
and CI* emission intensity from Figs. 2 and 3 suggests that
the etch reaction of TaN films is affected by a chemical re-
action with Cl-containing species, with TaN leading to the
formation of TaCl,, whose removal is assisted by ion
bombardment.*"** For a large I'y/I'; region where the Ar
flow is small, i.e., Q is large, the reaction becomes ion-flux
limited and as a result the etch rate is governed by the ion-
enhanced removal of the etch by-products on the surface.
Therefore, the TaN etch rate is expected to decrease as the Ar
flow decreases, as seen in Fig. 2. For a small I'y/I’; region
where the Ar flow is large, i.e., Q is small, the etch reaction
becomes chemical-reaction limited and the etch rate is deter-
mined by the reaction rate of reactive CI and B radicals with
the TaN layers. In this situation, the etch rate is expected to
increase due to the increasing radical density with the Q to
be increased, as seen in Fig. 2.

XPS measurements were made on the TaN surfaces
etched without the PR mask to examine the chemical binding
states and residues on the etched surface. The Ta 4f, O ls,
and N 1s spectra for various Q values are shown in Figs.
4(a)-4(c), respectively. The peak positions are referenced to
the binding energy of 244.6 eV corresponding to the C s
spectra. The B 1s and CI 2p spectra for various Q values
were also obtained but not included here because the B s
and CI 2p intensities were at the background level and not
changed with the Q increase. The negligible XPS signal from
the B and Cl surface elements indicates the presence of a
negligibly small amount of Ta chloride (TaCl,) or TaO,Cl,
residue due to an effective removal of the etch by-products.
The observed intensity in the C ls spectra (not shown here)
was presumably attributed to surface contamination due to
the use of photoresist for etching. In Fig. 4(a), the Ta 4fs),
and Ta 4f;,, peaks were observed at the binding energies of
24.0 and 22.1 eV, respectively.43 The Ta 4f XPS spectra in
Fig. 4(a) show that unetched and etched TaN surfaces are
strongly oxidized. The intensity of the Ta—O peaks from the
etched TaN was lower than that from the as-deposited film,
presumably due to the reaction of the O with the B radicals

J. Vac. Sci. Technol. A, Vol. 24, No. 4, Jul/Aug 2006
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FIG. 4. XPS spectra obtained from the etched blanket TaN(200 nm)/Si(001)
substrate; (a) Ta 4f, (b) O 1s, and (c) N 1s. The samples were etched by
varying the flow ratio Q at a fixed O, flow rate of 5 SCCM.

leading to the reduction in oxygen concentration. The O 1s
spectra obtained from the as-deposited and etched samples
are shown in Fig. 4(b). The O 1s peak corresponding to the
Ta—O bonding was observed at a binding energy of
530.7 eV.*** The higher binding-energy peak located at



1377 Shin et al.: Dry etching of TaN/HfO, gate-stack structure

180 14
{ —m— TaN etch rate
160 | —°— HfO, etch rate )
L —e— TaN/HfO, selectivity 412
140 - —o - TaN/PR selectivity "
< ® 410
[=
=120 +
£ \ e
£ 100 — lgwm
£ o= 9
L o
8 80 n 3
o 0162
< 60 + — =
S D/ <
W 40+ \ ~44
20 +
Q/ ‘O ‘8 - O 42

50 100 150 200 250 300
DC self-bias voltage, V_(-V)

FiG. 5. Etch rates of TaN and HfO, and etch selectivity of the TaN layer to
the PR and the HfO, layer as a function of the dc self-bias voltage V.

532.7 eV, observed for the case of Q=100%, is usually at-
tributed to surface contamination.*® For the etched sample,
the O ls peaks are shifted toward higher energies in the
range of 531.2-531.3 eV, representing a shift of
0.5-0.6 eV. The N ls spectra in Fig. 4(c) show that the
position of the peaks was shifted toward the higher binding
energy, probably due to the reaction of Cl radicals with the
TaN surface.

The XPS measurement data suggest that the BCl;/Ar/0O,
plasma is effective in etching the oxidized TaN layers. It is
believed that the B radical species removes the oxygen in the
oxidized TaN surface by forming volatile boron-oxygen-
chlorine compounds, such as trichloroboroxin (BOCI);, bo-
ron oxychloride (BOCI), and boron dioxide (BO,). ¥ |
particular, (BOCI); is a stable gas with a large negative heat
of formation formed by an exothermic reaction of 6BCl;
+30,—2(BOCI);+6CL* In addition, Cl radical species
generated from BCl; gas can remove the Ta atoms in TaN by
forming volatile TaCl, through an ion-enhanced chemical
etching process. Similar enhanced etching of other metal ox-
ides in the BCl;-containing plasmas has also been

50,51
observed.”™

C. Effect of bottom-electrode power

To investigate the effect of V. on the etch rates and etch
selectivity in the BCl3/Ar/O, plasma, etching experiments
were carried out by varying V., while keeping the total gas
flow at 55 SCCM and the fixed O, flow at 5 SCCM. The Q
was fixed at 80% and the top ICP electrode power was fixed
at 300 W.

The etch rate and etch selectivity results are shown in Fig.
5. The etch rates were monotonically increased from ~51—
~136 and ~5-~66 nm/min for TaN and HfO,, respec-
tively, while varying the V4, from —50 to —300 V. The etch
selectivities of TaN to PR and HfO, decreased due to an
increase of V. The maximum selectivities for TaN to PR
and HfO, in this experiment were ~4.1 and ~10.2.
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The increased etching rate with the V. increase is asso-
ciated with the enhanced sputtering on the TaN and HfO,
surfaces by an increase of ion-bombardment energy leading
to enhanced removal of etch by-products. In this ion-limited
process regime (see Fig. 3), ion-bombardment energy ab-
sorbed by the surface accelerates the etching reaction step.
However, because the etch rate of the HfO, increased more
rapidly compared to that of the TaN because of the more
physical etching characteristics of the layers, TaN/HfO, etch
selectivity decreased. Under the experimental conditions
here, the etch selectivities decreased as the physical compo-
nent of the etch mechanism became more prominent.

D. Effect of top-electrode power

The etch rates and etch selectivities obtained as a function
of the top ICP electrode power at V4. of =50 V and Q of 80%
are shown in Fig. 6. Etching was performed by varying the
ICP electrode power range of 300—700 W. As shown in Fig.
6, the etch rates were monotonically increased from ~51—
~ 167 and ~5—~ 12 nm/min for the TaN and HfO, layers,
respectively, while varying the ICP electrode power from
300 to 700 V. The selectivity of the TaN to the PR was de-
creased with the ICP electrode power increase because the
chemical component of the etch mechanism became more
prominent. However, the selectivity of the TaN to the HfO,
layers gradually increased and then slightly decreased at the
top-electrode power of =600 W. The maximum etch selec-
tivities of TaN to PR and HfO, were ~4.1 and ~14.3,
respectively.

The etch rate of TaN increased monotonically as the ICP
electrode power increased, indicating that only one mecha-
nism is operative for all the experimental conditions. The
reaction regime at 0=0.8 in Fig. 2 belongs to the ion-flux-
limited regime with the large I'y/T";. As discussed already,
etch rate is affected by the density of reactive ions and ion
energy flux in the plasma, and etch rate is usually enhanced
by an increased rate of chemical reactions in etched
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surfaces.’ In the present experiments, the increases in the
ICP electrode power and hence the increase in the density of
the ion species are believed to be responsible for the mono-
tonic increase in the etch rate of TaN. But the HfO, etch rate
varied very little despite of the increased plasma density
caused by the higher ICP electrode power. The HfO, etch
rate also increased, but more slowly as the top-electrode
power increased. As a result, the etch selectivity remained at
a high value due to the low HfO, etch rates.

E. Effect of overetch time on etch selectivity

To investigate the effect of overetch time of the HfO,
underlayer on the etch selectivities of the TaN to the HfO,
layer, etch experiments were carried out by varying the
overetch time, while keeping the total gas flow at 55 SCCM,
the fixed O, flow at 5 SCCM, the Q at 80%, the top-
electrode power at 600 W, and the V4, at =50 V. The etch
selectivity results are shown in Fig. 7. The TaN/HfO, etch
selectivity increases due to a decrease of the overetch time.
Etch selectivities increased from ~7.5to ~35.8 as the
overetch times were decreased from 300 to 15 s.

Lemme ef al.’* reported that through several steps and
tradeoffs under certain process conditions during poly-Si
etching, a complete etch stop is possible on SiO, for a lim-
ited amount of time. Even after this etch stop-time expires, a
selectivity of over 200:1 (polysilicon:SiO,) has been
achieved. This indicates that etch selectivity is strongly af-
fected by the initiation time for etching. Extremely high se-
lectivity is only achieved if the overetch time is shorter than
the initiation time. In the present experiments, the shorter
overetch time increases the TaN/HfO, selectivity, probably
because the overetch time approaches the initiation time.
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IV. CONCLUSION

The etching characteristics of
TaN(200 nm)/HfO,(100 nm) gate-stack structures on the Si
substrate were investigated in BCl;/Ar/O, inductively
coupled plasmas by varying the process parameters such as
the etch gas mixing ratio (Q), dc self-bias voltage (Vy.),
top-electrode power, and overetch time.

We found that the surface oxidation of the TaN layers
significantly affected the etching characteristics of the TaN
layers. Surface-oxidized TaN layers could not be etched in
the Cl,/Ar/O, and HBr/Ar/O, plasmas, but could be etched
in the BCl;/Ar/O, plasma. Enhanced etching in the
BCl;/Ar/0O, plasma is presumably attributed to the efficient
breaking of Ta—O bonds due to the reaction of B radicals
with the oxygen on the etched surface, leading to the forma-
tion of volatile B-containing etch by-products.

The etch rates of TaN and HfO, layers under varied Q
were found to be determined by an interplay between the
chemical reaction of reactive B and Cl radicals and an ion-
enhanced removal process of the reaction by-products. For a
maximum etch rate, an optimum gas mixing ratio Q of
BCl;/(BCl3+Ar+0,) is required.

The enhanced TaN/HfO, etch selectivity could be ob-
tained at the reduced Vg, and higher top-electrode power
because the etching rate of HfO, layer is governed by stron-
ger ion-enhanced sputtering compared to the TaN etching.
Also, the overetch time of the HfO, layers is a strong param-
eter in determining the TaN/HfO, etch selectivity. Enhanced
etch selectivity at the shorter overetch time is presumably
related to the initiation time for the onset of the etching
reaction.
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