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ABSTRACT: Ternary metal carbide TiAlC has been proposed as a metal gate T - Votati oroduet
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material in logic semiconductor devices. It is a hard-to-etch material due to the A Al &4 e T,
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low volatility of the etch byproducts. Here, a simple, highly controllable, and dry NN T e
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etching method for TiAlC has been first presented using nonhalogen N,/H, o’
plasmas at low pressure (several Pa) and 20 °C. A capacitively coupled plasma
etcher was used to generate N,/H, plasmas containing active species, such as N,

NH, and H to modify the metal carbide surface. The etch rate of TiAIC was

obtained at 3 nm/min by using the N,/H, plasma, whereas no etching occurred 4o o sfFire
with pure N, plasma or pure H, plasma under the same conditions. The surface % Eo04
roughness of the TiAlC film etched by N,/H, plasma was controlled at the gfg Plasma ON | Plasma OFF | Plasma ON Egi
atomic level. A smooth etched surface was achieved with a root-mean-square £ | |NH;piasma . g;
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roughness of 0.40 nm, comparable to the initial roughness of 0.44 nm. The 0 5 10 15 H Nyt H) %

plasma properties of the N,/H, plasmas were diagnosed by using a high- Sipesue e

resolution optical emission spectrometer, detecting the NH molecular line at 336 nm. The etching behavior and plasma—surface
reaction between N,/H, plasma and TiAIC were investigated by using in situ spectroscopic ellipsometry, in situ attenuated total
reflectance-Fourier transform infrared spectrometry, and X-ray photoelectron spectroscopy. The findings indicate that the N—H, C—
N, and Ti(Al)—N bonds form on the TiAlC surface etched by the N,/H, plasmas. The mechanism for etching of TiAlC involving
transformation reactions between inorganic materials (metal carbides) and inorganic etchants (N,/H, plasma) to form volatile
organic compounds such as methylated, methyl-aminated, and aminated metals is proposed. Nonhalogen or nonorganic compound
etchants were used during the etching process. The study provides useful insights into microfabrication for large-scale integrated
circuits.

KEYWORDS: metal carbide, TiAIC, metal compound etching, nonhalogen dry etching, N,/H, plasma, plasma-surface reaction

1. INTRODUCTION

Metal carbides (TiC and TiAlC) and metal nitrides (TiN,
TaN, AIN, and TiAIN) have been proposed to be used as
metal gate materials in a logic semiconductor device.'”*
Ternary metal compound TiAlC belongs to high-melting
point, high-hardness, and high-wear resistance materials.”
TiAIC is a hard-to-etch material, and the conventionally wet
etching of Ti compounds using H,O, mixtures causes poor
etching performance and device damage.’ In advanced
fabrication of the next-generation fin-type or nanosheet field
effect transistor of 3D multilayer semiconductor devices, it is
strongly demanded to develop a dry etching method that
enables a high controllability and high reproducibility of
etchant species and their energies as well as high selectivity
between metal compounds for both isotropic and anisotropic
applications. Plasma etching is a dry method that meets these
requirements and has been widely applied to a variety of
materials.”

In general, dry etching of metals or metal compounds
requires halogen etchants or complicated cyclic process
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including surface modification (oxidation, fluoridation, or
chlorination) and removal of the modified layer by organic
compounds (formic acid, acetylacetone, or hexafluoroacetyla-
cetone) or subsequences of ligand exchange with the support
of accelerating substrate temperature, up to several hundred
degrees due to low volatility of the modified layer at room
temperature.'~"> The traditional etchants used for plasma
etching are halogen-based gases. TiC etching was studied using
fluorine-containing (CF,, CHF;, and SF¢) high-density
plasmas.> AL O;—TiC etching in halogen-based plasmas
such as fluorine-containing (CF, and SF¢) plasmas'* and
chlorine-containing (Cl,/BCly/Ar) high-density plasmas'>'®
was investigated; however, the difference in etch rates of Al,O;
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and TiC grains in the substrate results in the rough-etched
morphologies. To find reasonable etchants for new materials,
predicting volatile products for etching metal compounds is
indispensable. Fluorine-based plasma is not suitable for etching
Al-based compounds due to the formation of a nonvolatile
product [AlF;, boiling point (bp) more than 1290 °C].te”
Chlorine-based plasmas can form volatile products with TiAIC,
such as TiCl, (bp ~136 °C) and AICl; (bp ~183 °C)."*
Nonhalogen etchants for etching of Ti compounds were
proposed in our previous study, in which a feasible dry etching
method for ternary material TiAIC using a wet-like plasma
generated from a floating wire (FW)-assisted high-density
vapor plasma of Ar gas mixed with a liquid vapor source of
NH,OH-based mixtures at medium pressure was demon-
strated."” By using this high-density plasma source,”’”** a
generated rich radical source (10" cm™) can produce a large
amount of etchant or coreactant species to enhance the
reaction rate with the sample surface. The results indicate that
species such as N, NH, and H radicals play a key role in surface
modification and etching of TiAIC.

In this study, low-pressure dry etching of the ternary
material TiAlC has been first presented using plasmas
generated from nonhalogen and noncorrosive N,/H, gas
mixtures, where the ratio between N, and H, can be easily
controlled. A capacitively coupled plasma (CCP) etcher was
used to generate N,/H, plasmas at several Pa. The substrate
temperature was controlled at 20 °C. The etch rate of TiAlIC
was around 3 nm/min using the N,/H, plasma, whereas no
etching occurred using only N, plasma or H, plasma. The
surface roughness of the TiAIC film etched by N,/H, plasma
can be controlled at the atomic level. A smooth etched surface
was achieved with a root-mean-square roughness (rms) of 0.40
nm, comparable to the initial roughness of 0.44 nm. The
plasma properties of N,/H, plasmas were diagnosed using a
high-resolution optical emission spectrometer (HR-OES) with
detection of the NH molecular line at 336 nm. The etching
behavior and plasma—surface reaction between N,/H, plasma
and TiAIC were investigated by using in situ spectroscopic
ellipsometry, in situ attenuated total reflectance-Fourier
transform infrared spectrometry (ATR-FTIR), and X-ray
photoelectron spectroscopy (XPS). The findings indicate the
formation of N—H, C—N, and Ti(Al)—N bonds on the TiAlC
surface during the N,/H, plasma exposure. To predict volatile
products, density functional theory (DFT) was employed to
model organometallic molecules using the Gaussian 16
program.”” Methylation, methylamination, amination, and
hydrogenation of the TiAIC film can be obtained by
controlling the active species such as N, NH, and H. The
mechanism for etching ternary metal carbide TiAlC by N,/H,
plasma, based on both chemical reactions and physical
sputtering through transformation reactions between an
inorganic material (metal carbide) and an inorganic etchant
(N,/H, plasma) to form volatile organic compounds, is

proposed here.

2. EXPERIMENTAL PROCEDURES

2.1. Plasma Discharges for Etching. A CCP etcher was used to
generate N,/H, plasmas, and the upper and lower electrodes were
operated with 100 and 2 MHz sources, respectively. Figure 1 shows
the schematic of the CCP etcher with an in situ spectroscopic
ellipsometer for real-time measurement and an in situ ATR-FTIR
spectrometer.
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Matching .

box =
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Figure 1. Schematic of the CCP etcher with an in situ spectroscopic
ellipsometer for real-time measurement and an in situ ATR-FTIR
spectrometer.

The samples (15 mm X 20 mm) were fixed on a 100 mm Si carrier
wafer placed on the lower electrode with an electrostatic chuck. To
improve the thermal conductivity between the chuck and wafer, a He
backflow was controlled at a pressure around 600—700 Pa. The
distance between the top electrode and the sample surface during the
plasma discharge is 30 mm, and that between the top electrode and
the sample surface for the ATR-FTIR measurement is 90 mm. To fix
the sample on Si wafer, fluorinated grease with high chemical stability
at low vapor pressure and a temperature range of —70 to 200 °C was
used. The background vacuum pressure was around 5—6 X 107* Pa
before plasma exposure. The substrate temperature was controlled at
20 °C with a coolant circulator. Details of the process parameters for
plasma etching condition are presented in Table 1, where V,
represents the plasma potential.

Table 1. Plasma Etching Condition

N,/H, gas mixture ratio dependence

excitation power (W) 300
bias power (W) 200
substrate 20
temperature (°C)
working pressure 4
(Pa)
N,/H, flow rate 150/0  100/50  75/75  50/100  0/100
(scem/scem)
H, % 0.00 33.33 50.00 66.67 100.00
V,, (V) 1500 1265 1255 1255 1210
working pressure 2
(Pa)
N,/H, flow rate 100/0 75/25 50/50 25/75 0/100
(scem/scem)
H, % 0 25 S0 75 100
V,, (V) 1410 1260 1260 1240 1210

In this study, the excitation power and bias power were fixed at 300
W and 200 W, respectively. The working pressure was controlled at 4
and 2 Pa. H, % is defined as the H, volume percentage in total of
volume of N, gas and H, gas mixture [H,/(N, + H,) %]. Various H,
% were controlled from 0% (pure N, gas) to 100% (pure H, gas). The
values of V,,, was monitored during the plasma process.

2.2. Plasma Diagnostics. The OES of the N,/H, plasmas were
detected by using a spectrometer (Ocean Photonics, HR4000CG-UV-
NIR) with the wavelength from 200 to 900 nm. It was observed
through a quartz window on the chamber wall and was directed
toward the center between two electrodes. The exposure time was set
to maximize the intensity (best resolution), so it was set at 40 and 20
ms for the respective working pressures of 4 and 2 Pa because the
maximum intensity at 2 Pa is much higher than that at 4 Pa. The
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number of accumulations for all of measurements by using this OES
was set at 3.

The emission of NH (336.00 nm) was detected by a HR-OES. A
computer-controlled Acton 750 monochromator equipped with an
intensified charge-coupled device (ICCD) detector (Andor DH734-
18U-03) was used to provide a spectral resolution of about 0.007 nm
at gratings of 2400 groove mm'. The spectral resolution here is
defined by the distance between two measured continuous wave-
length points. The center wavelength for this measurement is set at
337.13 nm that is the band head of N, second positive system (SPS)
(0,0).** The number of accumulations for all of the measurements by
using the HR-OES was set at 20. A slit size of the ICCD detector was
set at 20 ym.

2.3. Material Preparation and Characterization. The pristine
TiAIC films were prepared on Si wafer by a radio frequency reactive
ion plating process with Ti and Al sources and C,H, gas. 40 nm
TiAIC film/Si samples were prepared with the size of 15 mm X 20
mm. For ATR-FTIR spectrometry measurement, the 10 nm TiAIC
film was deposited on germanium (Ge) trapezoid prism with the same
conditions, as deposited on a Si wafer. The Ge prism had a dimension
of 52 mm X 20 mm, a thickness of 2 mm, and an angle of 45° for the
bevel edges.

The crystalline structure of the pristine TiAlC sample was
evaluated by a high-resolution double-crystal X-ray diffractometer
(HRXRD, 9 kW Rigaku Smartlab diffractometer, Rigaku Co. Ltd.)
with the arrangement of 6—26 using Bragg-Brentano geometry. The
radiation source was from CuKa (1.542 A), and the scan step was set
at 0.02°/step. The XRD pattern of the pristine TiAIC sample used in
this study shows that it is a polycrystalline Al-doped TiC (see
Supporting Information, Figure S1).

The spectra and composition of the pristine TiAlC sample after
removing native oxide were evaluated with an XPS chamber equipped
with an Ar sputter at 3 keV and 1 yA to a sputter area of 4 mm X 4
mm for 40 min. The XPS spectra were obtained by using a
spectrometer (Ulvac-Phi, XPS 1600) with an Al Ka (photon energy =
1486.6 €V) source in an analysis chamber evacuated down to a base
pressure of 7 X 1077 Pa. The XPS spectra of pristine TiAIC film
before removing native oxide exhibit the chemical bonds such as the
Ti—C bond (455.0 eV), Ti—O bond (461.0 eV), Al—Al bond (72.7
eV), Al-C (73.7 eV), and Al-O (753 eV) (see Supporting
Information, Figure S2a). There is no Ti—Al bond existing in the
TiAIC film. After removal of the native oxide (Al-O, Ti—0O, C—0,
C=O0), around 43.4% oxygen in the atomic composition from the
surface, the atomic composition ratio of Ti/Al/C/O is around
38:18:35:9 (approximately 4:2:4:1) (see Supporting Information,
Figure S2b). Around 9% of oxygen exists inside the TiAlC film.

The film thickness of TiAlC was analyzed by using in situ
spectroscopic ellipsometry (M-2000, J.A. Woollam Co.) in real time
during the plasma exposure with a Xe arc light source (FLS-300) that
can measure the multiwavelength range from 200 to 1000 nm with an
incident angle of 75°. The model used for spectral fitting of
ellipsometry data of the TiAlC sample was improved from our
previous study'’ (see Supporting Information, Table S1). Cross-
sectional microstructure and thickness of samples were characterized
by a cold field-emission scanning electron microscope (FE-SEM, SU-
8230, Hitachi).

To analyze the surface modification of the TiAIC, XPS spectra were
obtained using a spectrometer (ESCALAB 250, Vacuum Generator,
UK) equipped with an Al Ka (photon energy = 1486.6 eV) source
that was operated at a pass energy of 20.0 eV and a spot size of 400
pum on the samples. The measurements were performed in a vacuum
chamber evacuated to a base pressure of S X 1077 Pa. Peak
deconvolution and elemental concentrations were analyzed by the
Advantage program. The calibration was carried out for charge
shifting by setting graphitic adventitious C 1s spectrum (C—C peak)
to 284.8 eV. Due to good electrical conductivity of the TiAIC samples
and the sample fixed with metal clamps, the charge shifts rarely
exceeded 0.5 eV.

To evaluate the damage to the surface of TiAlC film etched by N,/
H, plasmas, surface roughness of the TiAIC film was measured by

atomic force microscopy (AFM) in Park system (FX40) with
noncontact mode for the scan area of 1 ym X 1 ym. The data
were analyzed using the Gwyddion program.

2.4. In Situ Monitoring the Structure Modification of the
TiAIC Surface by N,/H, Plasma and IR Spectra Simulation for
Prediction of Volatile Products. For confirmation of chemical
mechanism and reaction products, IR absorption spectroscopy allows
us to determine the local chemical structure of the active surface.”®
The change in the chemical bonding structure of the TiAlC surface
during the processing was analyzed using an in situ ATR-FTIR
system. An IR light source provided by the FTIR system (iS50,
Thermo Fisher Scientific) and a liquid-cooled HgCdTe (MCT)
detector were used with a resolution of 4 cm™. The absorbance
spectra were taken with the wavenumber ranging from 800 to 4000
cm™,

To understand experimental spectra and predict volatile products,
DFT was used to suggest IR band assignments.”® In this study, the
predicted organometallic molecules for volatile products were built
using the Gaussian 16 program.”’ The molecular structure was
optimized at the B3LYP/6-31+G(d,p) level of theory. A homoge-
neous scaling factor of 0.962 is applied for all simulated spectra to
correct of the neglect of anharmonicity.”®

3. RESULTS AND DISCUSSION

3.1. Etching of TiAIC after Exposing to N,/H, Plasmas.
Depending on the chemistry of the plasma exposure, the
etching of TiAIC mainly occurs with N,/H, plasmas at 4 Pa
and 20 °C, as shown in Figure 2. During the N,/H, plasma
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Figure 2. Change of film thickness of the TiAIC film as a function of
plasma treatment time by (a) N,/H, plasma (H, %: 50%), N, plasma,
and H, plasma and (b) FE-SEM images of TiAlC at various N,/H,
gas ratios after 10 min plasma exposure. Excitation power: 300 W, bias

power: 200 W, working pressure: 4 Pa, and substrate temperature: 20
o
C.

(H, %: 50%) exposure, the thickness of TiAIC decreased 5.45
nm (from 39.96 to 34.51 nm) after the first S min exposure
and then significantly reduced 13.01 nm (from 34.51 to 21.50
nm) after the second S min exposure, indicating that the TiAlC
film can be etched by N,/H, plasma (Figure 2a). In the first 2
min of N,/H, plasma exposure, native oxide (TiO, and Al,O;)
needs to be removed, so only surface modification occurs
instead of etching, after which linear etching can be obtained.
To understand the role of N-based or H-based species, the

https://doi.org/10.1021/acsami.4c11025
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TiAIC film was exposed under pure N, plasma or pure H,
plasma at the same condition as N,/H, plasma, and the results
show that almost no etching occurs.

During the H, plasma exposure, the thickness of TiAlC
increased from 39.87 to 43.91 nm after S min exposure,
indicating no etching to the TiAIC surface by H, plasma. The
atomic radii’” and atomic weights”® of the elements used in
this study are listed (see Supporting Information, Table S2).
The H atom has the smallest atomic radius (1.54 A) compared
to other elements, such as C (1.90 A), Al (2.39 A), and Ti
(2.57 A). H ions (H;" and H*) and H atoms in the pure H,
plasma can be considered as the main reactive species that are
easy to deep penetration to the TiAlC film (a significant
increase of the thickness of the top layer), possibly leading to
the formation of hydrogenated films without becoming volatile
products. H, molecules, H ions, and atoms are supposed to be
not efficiently sputter TiAIC because of low-molecular (or
atomic) weight, so almost no etching of TiAlC occurs by H,
plasma even though high ion energy was applied (V,, was
approximately 1210 V). TiAlC is a ternary material and
contains two metals, Ti and Al In general, volatilization of
metal hydrides during the exposure of metal films to H,
plasmas is difficult, for instance, Cu can be etched by H,
plasmas; however, Ti, Ta, Ni, Cr, and Al are not etched at least
under the conditions used to etch Cu, as studied by Choi and
Wu et al.”?™*?

Compared to the hydrogen molecule and atom, the nitrogen
molecule and atom exhibit higher molecular (atomic) weight,
so it is possible to provide sufficient momentum transfer from
N, plasma to the sample surface.””** During the N, plasma
exposure, the thickness of the TiAIC layer slightly increased
from 39.79 to 41.21 nm after 5 min exposure, showing a minor
sputter effect of N, plasma to TiAlC even though high ion
energy (V,, was approximately 1500 V) was applied. This
implies that forming metal nitrides on the TiAIC surface can be
dominant during the N, plasma exposure, and there is almost
no obvious etching effect by both physical sputtering and
chemical reaction of N, plasma with the TiAlIC surface.

In comparison with exposure under only pure N, plasma or
pure H, plasma, etching of TiAlC obviously occurs with the
synergy effect from both N ion/atom and H ion/atom in terms
of both chemical and physical characteristics. To confirm the
etching effect of N,/H, plasmas on the TiAlC film, the
thickness of TiAlIC before and after exposure to various N,/H,
plasmas with H, % ranging from 0% (pure N,) to 100% (pure
H,) for 10 min was investigated, as shown in Figure 2b (also
see Supporting Information, Table S3). When the TiAIC
sample is exposed under H, plasma or N, plasma, the thickness
of T1iAIC before and after plasma exposure is the same 40 nm
or higher, indicating that almost no obvious etching effect can
be observed in FE-SEM images. When increasing H, % from
33.33% to 66.67% in the N,/H, mixtures, the thickness of
TiAIC films that could be observed from FE-SEM images
(Figure 2b) is around 17—19 nm, indicating an obvious
decrease of thickness for all the samples under N,/H, plasmas
exposure.

Figure 3 shows the etch rate of TiAIC at various N,/H, gas
ratios at two working pressures 4 and 2 Pa at the same
excitation power of 300 W, bias power of 200 W, and substrate
temperature of 20 °C. The etch rate of TiAIC can be achieved
higher at lower working pressure. The maximum etch rate of
TiAIC for both working pressures 4 and 2 Pa can be obtained
at H, % of around 50% with values of 1.85 and 3.02 nm/min,

<3 o

E ./ \.
E2 m—E—n
]

5 1 —@—2Pa
5 L) —Hl—4 Pa
o

0 25 50 75 100
H,/(Ny+H,) %

Figure 3. Etch rate of TiAIC at various N,/H, gas ratios at two
working pressures 4 and 2 Pa. Excitation power: 300 W, bias power:
200 W, and substrate temperature: 20 °C. The error bars for the
repeated experiments in this figure are smaller than the symbol size.

respectively. With the H, % less than 33% and higher 67%, the
etch rate of TiAIC decreases, indicating that optimizing the
N,/H, ratio is necessary to obtain the greatest etch rate.

In addition to the etch rate, H atom penetration to the film
is also an important factor because this potentially produces
voids in the film. From the FE-SEM and ellipsometry results
(Figure 2 and Table S3), the thickness of TiAlC after 10 min
H, plasma exposure increased around 3—6 nm. The optimal
percentage of H, in the N,/H, gas mixture to obtain the best
etch rate and to minimize the H penetration to the TiAlC film
can be around 25% to 75%.

3.2. Properties of N,/H, Plasmas. To realize the
mechanism of plasma—surface interaction between the N,/
H, plasmas with the surface of TiAlC, the properties of the
N,/H, plasmas are presented here. Figure 4a shows the OES of
N,/H, plasmas at various N,/H, gas ratios at a working
pressure of 4 Pa. The strong emissions of N, bands such as N,
second positive system SPS (transition C[Tu — B3l_[g),35’36
N," first negative system FNS,”” and N, first positive system
FPS* were detected in all of N,-based gas mixture plasmas.
The H line emissions were displayed with an increase of the
intensity in the order from H, (434.1 nm) to Hy (486.1 nm)
and to H, (656.3 nm).

Figure 4b presents the relationship between optical emission
intensities of N, (band head at 337.1 nm), Hy; (486.1 nm), and
H, (656.3 nm) of N,/H, plasmas and various N,/H, gas ratios
at working pressures of 4 and 2 Pa. When increasing H, %, the
emissions of both Hy (486.1 nm) line and H,, (656.3 nm) line
gradually increase with higher rate for the intensity of H,
(656.3 nm) line, whereas the emission of N, (337.1 nm)
gradually decreases at H, % less than 50% and significant
decreases after that. The absolute intensity of N, (337.1 nm) at
2 Pa is almost double in comparison with that at 4 Pa;
however, to protect the OES detector, the exposure time was
decreased 50% from 40 (4 Pa) to 20 ms (2 Pa). Interestingly,
the ratio between the intensity of N, (337.1 nm) band head
and that of H, at 2 Pa is much higher than the ratio at 4 Pa, for
example, at H, % of 50%, these ratios are 6.18 (2 Pa) and 1.63
(4 Pa), as shown in Table 2.

Figure 4c displays photographic images of N, plasma, N,/H,
plasma, and H, plasma at 4 Pa. Depending on the type of
plasma, the color gradually changes from orange (N, plasma)
to pink-orange (N,/H, plasma) and purple (H, plasma). To
produce N, H, and NH reactive species, both NH; plasma and
N,/H, plasma can be used. NH; can dissociate by energetic
electron collisions to form radicals such as NH, (571 nm), NH
(336 nm), N, (357 nm), H; (486.1 nm), and H, (656.3
nm).””~*" Very strong NH can be produced from NH; plasma
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Figure 4. (a) Optical emission spectra of N,/H, plasmas at various N,/H, gas ratios at the wavelength ranging from 200 to 900 nm at a working
pressure of 4 Pa. (b) Relationship between optical emission intensities of N, (band head at 337.1 nm), Hy; (486.1 nm), and H, (656.3 nm) of N,/
H, plasmas and various N,/H, gas ratios at working pressures of 4 and 2 Pa. (c) Photographic images of N, plasma, N,/H, plasma, and H, plasma
at 4 Pa. Excitation power: 300 W, bias power: 200 W, working pressure: 4 Pa, and substrate temperature: 20 °C. The error bars in this figure are
smaller than the symbol size. SPS: second positive system, FNS: first negative system, and FPS: first positive system.

Table 2. Relationship between the Intensity Ratios of I (N,-
337.1 nm)/I (H,-656.3 nm) and I (N,-337.1 nm)/I (NH-
336.0 nm) with the Etch Rate of TiAIC”

working pressure 2 Pa 4 Pa
1(N,-337.1 nm)/I (H,-656.3 nm) 6.18 1.63
1(N,-337.1 nm)/I (NH-336.0 nm) 4.67 4.26
etch rate 3.02 nm/min 1.85 nm/min

“H, %: 50%, excitation power: 300 W, bias power: 200 W, substrate
temperature: 20 °C, and plasma exposure time: 10 min.

at both high pressure and low pressure and at both E-mode
(low power and capacitive component are dominant) and H-
mode (high power and inductive component are dominant)
due to the following dissociation'**”

NH; + ¢~ — NHj + H*and NHj + ¢~ — NH* + H*

(1)

In case of using N,/H, plasma, depending on the ratio of the
N,/H, mixture, power supply, and working pressure, strong
NH optical emission can be detected, for example, from a
direct current arc plasma jet at 13.33 kPa and 60% N,/40% H,
gas mixture,*' or is not able to be detected as in the case of
using various N,/H, plasmas at the same working pressure of
13.33 kPa, but using very high-frequency power of 150 MHz.**
The lifetime of the NH, and NH radicals is very short with less
than 10 ms in low-pressure plasma due to the exothermic
reactions NH + NH — N, + H, (AH = =7 eV).*®

53199

It is difficult to detect separately the low-intensity NH
emission with the N, emission by the medium-resolution OES
system because the optical emission of the NH band is at
336.00 nm [NH (0,0)] that is overlapped by the N, SPS with
the band head at 337.13 nm [N, (0,0) SPS].>**"*® To detect
the NH emission, the HR-OES system with a spectral
resolution of 0.007 nm was used in this study, as shown in
Figure S.

Figure Sa shows the positions of the NH-336.00 nm peak
and N,-337.13 nm peak. The NH peak is overlapped by the tail
of the N, 337.13 nm peak, as shown in Figure Sb, so even
when using pure N, plasma, this peak can still be seen. In
addition, H atoms and molecules can easily penetrate the
chamber wall, so a small amount of hydrogen is still present in
the pure N, plasma. The NH peak becomes clearer with an
increase in the H, %. The intensity of the N, peak decreases
linearly, while the intensity of the NH peak slightly increases as
the H, concentration reaches 50% (Figure Sc). Both the
intensities of the N, peak and the NH peak decrease when
continuously increasing the H, % from 50% to 100%, but the
decrease in the N, intensity is more rapid. The ratios between
the intensity of the N, (337.1 nm) band head and that of NH
at 2 Pa are slightly higher than the ratio at 4 Pa. For example,
at a H, % of 50%, these ratios are 4.67 (2 Pa) and 4.26 (4 Pa),
as shown in Table 2.

Table 2 presents the relationship between the intensity ratios
of I(N,-337.1 nm)/I(H,-656.3 nm) and I(N,-337.1 nm)/
I(NH-336.0 nm) with the etch rate of TiAIC at an H, % of
50%. N,/H, plasmas can produce N,, N, H, and NH species.
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Figure 5. High-resolution optical emission spectra of N,/H, plasmas
at various N,/H, gas ratios (a) at the wavelength ranging from 334.5
to 338 nm and (b) at the wavelength ranging from 335.5 to 336.5 nm.
(c) Relationship between optical emission intensity of N, and NH of
N,/H, plasmas at various N,/H, gas ratios and working pressures of 4
and 2 Pa. Excitation power: 300 W, bias power: 200 W, and substrate
temperature: 20 °C. The error bars in this figure are smaller than the
symbol size.

The ratio 1(N,-337.1 nm)/I(H,-656.3 nm) at 2 Pa is 6.18,
which is much higher as compared to that at 4 Pa (1.63), and
the ratio I(N,-337.1 nm)/I(NH-336.0 nm) at 2 Pa is 4.67,
which is slightly higher as compared to that at 4 Pa (4.26).
These two ratios show the same tendency with the etch rate of
TiAIC. A higher etch rate of TiAlC can be obtained at 2 Pa
(3.02 nm/min) than that at 4 Pa (1.85 nm/min). This
indicates that the reaction of N,/H, plasma with TiAlIC to
form volatile products involves not only NH and H as reactive
species but also N species. These nitrogen-containing species
play a crucial role in etching TiAlC. In addition to the ratios of
reactive species, lower pressure can enhance the volatility of
byproducts that were formed by the reaction of N,/H, plasma
with the TiAIC surface.

The optical emission lines of the N atom are at 673.7,"* 740,
820, and 860 nm.” These peaks overlap with the emission
band of the N, molecules, making it difficult to quantify the
absolute density of H and N atoms in their ground states. Our
research group reported that, using vacuum ultraviolet
absorption spectroscopy, an N density of 1.6 X 10" cm™
and an H density of 3 X 10"' cm™ were obtained at the H, %
of 50% with an excitation power of 400 W in the same
reactor.”® Based on the previous results, the absolute density of
N atoms and H atoms in our study can be estimated to be on
the order of 10" to 10" cm™.

3.3. Surface Modification of TiAIC by the N,/H,
Plasmas. The surface modification of the TiAlC film before
and after exposure to N,/H, plasma is shown in Figure 6 (also
see Supporting Information, Table S4). As can be seen in Ti 2p
and Al 2p spectra, the pristine TiAIC surface before plasma
exposure was covered by native oxides Ti—O and AI-O.
Active plasma species from N,/H, plasma such as N, H, and
NH react with the TiAlC surface and replace the native oxides
Ti—O and Al-O bonds to become Ti—N and AI-N bonds. It
is worth noting that although the TiAlC sample after N,/H,
plasma treatment was exposed in the air and then measured by
XPS, the N,/H, plasma-treated TiAlC samples were not
reoxidized significantly, meaning that the reaction products
containing Ti—N and Al—N bonds can act as a barrier to avoid
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Figure 6. XPS spectra of the TiAlIC surface before and after N,/H,
plasma treatment for elements (a) Ti 2p, (b) Al 2p, (c) C 1s, and (d)
N 1s. Excitation power: 300 W, bias power: 200 W, N,/H, ratio: 50/
50, working pressure: 2 Pa, and substrate temperature: 20 °C.

the oxidation of the air environment. Based on the work of
Biesinger et al*” and Chang and Chiu,*® the Ti 2p spectrum
was deconvoluted, as shown in Figure 6a. On the basis of the
Shirley background, the Ti 2p peak of the pristine sample
could be fitted into three components located at 455.5 eV for
Ti 2p;/, of Ti—C, 456.5 eV for Ti 2p;,, of O—Ti—C, and 459.4
eV for 2p;;, of Ti—O. After N,/H, plasma treatment, the
components of Tip 2p;/, at 456.3 eV for N-Ti—C, 457.3 eV
for Ti—N, and 458.3 eV for O—Ti—N obviously appeared.

Figure 6b shows the bonds Al—Al, AlI-C, Al-N, and Al-O,
respectively, located at 72.9, 73.6, 74.2, and 75.0 eV. The C 1s
peak was deconvoluted with an agreement with Biesinger and
Grey"”*°, in which the C—Ti bond (281.9 eV), C—Al bond
(282.7 eV), C-C bond (284.8 V), and C—N bond (285.3 eV)
were assigned (Figure 6¢c). The N 1Is peak after N,/H,
treatment was deconvoluted as O—Ti(N)—N (396.4 eV),
Ti(Al)—N (397.0 eV), C—N (398.4 ¢V), and N—H (400.0
€V), and, as shown in Figure 6d. In addition to metal-N bonds,
N—C and N—H bonds can also be detected. In the study of
Vandenbroucke et al, the peaks of tetrakis(dimethylamino)-
titanium (TDMAT) were detected at 398.0 eV [(H;C),N—Ti]
and 400.4 eV (N-C)."!

In comparison with forming metal hydrides, Ti—N and Al—
N have similar properties to Ti—C and Al—C in terms of bond
length and bond energy. Nitridation of TiAlC is possible, as
demonstrated in our previous study.19 Ti—N, Al-N, Ti—C,
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and Ti—C bonds are not as stable as the Ti—O and Al-O
bonds. It is expected that these unstable nitride and carbide
bonds after being treated by N,/H, plasma with numerous
dangling bonds can react easily with H atoms to form
methylated metal (M-CHj;), methylaminated metal (M-N—
CH;), amidated metal (M-NH,), or hydrogenated metal (M-
H) which are the parts of the volatile products.

3.4. In Situ Monitoring the Modification of the TiAIC
Surface Structure during One Cycle Etching Using N,/
H, Plasmas. To investigate the dependence of TiAlIC surface
modification on bias power after 1 min of N,/H, plasma
exposure, absorbance change of the TiAlC surface at bias
powers of 0 W (BOW), 50 W (BSOW), 100 W (B100W), and
200 W (B200W) obtained from the in situ ATR-FTIR is
presented in Figure 7. The experiment was done with the

a b c
@ N5 (b) Zow] ©
BOW ||
O,OO/N 1 1 —
0.0/ Bsow/| @
2220l =
0 Bsow| @ | N =t
002 5 | Bidow| =
g g- i ®
= S 1 ®
a 3 fioton] 5
g [~ s b -20.04
5 5. .-
::(9_006 2 I 0 50 100 150 200
’ L - Bias power (W)
3 o
3 B200w g% |
. :

-0.6 :
0 3400 3200 3000 1300 1200 1100 1000
Wavenumber (cm™)  Wavenumber (cm™)

Figure 7. Absorbance change of the TiAlC surface was measured after
1 min of N,/H, plasma exposure at bias powers of 0 W (BOW), S0 W
(BSOW), 100 W (B100W), and 200 W (B200W). Data were obtained
using in situ ATR-FTIR, focusing on two specific regions: (a) N—H
stretch vibration band (3000—3500 cm™) and (b) spectral feature
ranging from 1000 to 1300 cm™". (c) The absorbance peak area was
obtained by integrating the intensities over the wavenumber ranging
from 1070 to 1288 cm™’, using a linear baseline. Excitation power:
300 W, N,/H, ratio: 50/50, working pressure: 2 Pa, and substrate
temperature: 20 °C.

sequence of 0 to 50 W to 100 W and to 200 W. The reference
spectrum for each absorbance spectrum was the preceding one.
This means that the reference spectrum for the absorbance
spectrum under the conditions without bias (BOW) was the
spectrum of pristine TiAlC before applying N,/H, plasma
(treated by Ar sputtering). For the condition using bias power
(BSOW), the reference spectrum is that of condition BOW. The
positive value means mainly surface modification, and the
negative value means etching or surface modification and
etching simultaneously occurring with the dominant of etching.
For the N—H stretch vibration at the absorption band ranging
from 3000 to 3500 cm™’, the peak is positive at 0 W and
gradually decreases with an increase of bias power to 200 W
(Figure 7a). A similar tendency can be observed in the area
ranging from 1000 to 1300 cm™" (Figure 7b). There are many
absorption peaks between 800 and 1300 cm ™, namely, spectral
feature X. The assignment for the peaks in this region is
complicated with many overlapped peaks, which can be
discussed later with the simulation results.

As shown in Figure 7¢, a significant change of peak area for
the absorbance calculated in the wavenumber ranging from
1070 to 1288 cm™" at bias power 0 W is 1.40, bias power 50 W

is —1.16, bias power 100 W is —6.05, and bias power 200 W is
—20.04. The dependence of peak area on bias power indicates
that without bias power, only surface modification of TiAlC
occurs at the excitation power of 300 W. The etching occurs
when applying the bias power.

During the continuous etching of TiAlC, surface mod-
ification and etching occur simultaneously, so it is difficult to
understand the etching mechanism. The separation of surface
modification (without using bias power) and etching (with
using bias power) is important to understand the plasma—
surface reaction, suggesting the concepts for the development
of the atomic layer etching (ALE) process. Details of the ALE-
like process conditions for N,/H, plasma exposure and ATR-
FTIR results for one cycle of modification/etching of TiAIC at
various H,% ratios are described in Table 3.

Table 3. Details of the ALE-like Process Conditions for N,/
H, Plasma Exposure and ATR-FTIR Results for One Cycle
of Modification/Etching of TiAlC at Various H,% Ratios”

bias exposure total area
power time change
H,% process w) (min) area (arb. units)  (arb. units)
20 modification 0 4.1 8.93 + 0.0
etching 200 1 —13.3 £ 0.60 2223
S0 modification 0 32 8.72 + 0.12
etching 200 1 —12.73 £ 0.54 21.45
75 modification 0 3.4 8.84 + 0.16
etching 200 1 —12.79 + 0.57 21.63

“The peak area for the absorbance was integrated over the intensities
in the wavenumber ranging from 800.3 to 1388.5 cm™" with a linear
base line. Excitation power: 300 W.

The absorbance changes of the TiAlC during one cycle of
plasma—surface reactions (modification-etching) of TiAlC
using N,/H, plasma exposure for surface modification
(without using bias power) and etching (using bias power)
obtained from in situ ATR-FTIR are demonstrated here, as
shown in Figure 8. The reference spectrum for each
absorbance spectrum is the preceding one. To reach the self-
limitation for surface modification, the plasma exposure time
for surface modification was carried out until there was no
increase of film thickness (in situ ellipsometry was carried out
at the same time) around 3—4 min for surface modification
and etching for 1 min for one cycle of each N,/H, ratio.

Figure 8a shows that ATR-FTIR analysis after the surface of
TiAlIC was modified by N,/H, plasma exposure at an H, % of
50%. The modified TiAIC surface has an absorption band
between 3100 and 3450 cm™' (attributed to the N—H
stretching vibration peaks), around 2985 cm™ (attributed to
the C—H stretching vibration peaks), around 1955 cm™!
(attributed to the Al—H vibration peaks), around 1612 cm™
(attributed to the N—H bending vibration peaks), between
1300 and 1500 cm ™" (attributed to the C—H bending vibration
peaks), and between 800 and 1300 cm™" (possibly attributed
to the N—C bending vibration peaks). The modified layer was
formed with the positive absorption bands, whereas these
bands become negative when etching occurred. The
absorbance peak area was calculated for the vibration band
ranging from 800.3 to 1388.5 cm™’, as shown in Figure 8b and
Table 3. The modified area can be obtained around 8.7—8.9,
the etch area can be obtained around 12.7—13.3 for all the H,
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Figure 8. Absorbance change of the TiAIC during one cycle etching
using N,/H, plasma exposure for surface modification (without using
bias power, BOW) and etching (using bias power, B200W) obtained
from in situ ATR-FTIR for (a) one cycle at the H, % of 50% and (b)
one cycle at various H, % with the wavenumber ranging from 800 to
1388.5 cm™'. (c) The absorbance peak area was obtained by
integrating the intensities over the wavenumber ranging from 800 to
1388.5 cm™, using a linear baseline. Excitation power: 300 W, bias
power: 200 W, N,/H, ratio: 50/50, working pressure: 2 Pa, and
substrate temperature: 20 °C.

ratios from 20% to 75%, and the total area change for all of the
conditions is around 21.5—22.2.

To understand experimental spectra and predict volatile
products, DFT can be used to suggest IR band assignments
due to the fact that the difficulty of interpretation of IR for
chemical structures is bonds broken/formed through reaction,
loss of symmetry upon precursor adsorption, strong polar-
ization effects, and limitations in measurement at low
concentration such as monolayer coverage.”> Volatile candi-
dates can contain bonds such as M-H, M-NH,, M-N(CH,),
M-N(CH;),, M-N(CHNH),, M-CHj;, or M-CN, where M is a
metal (Al or Ti in this study). The DFT-calculated IR spectra
of potential volatile products of Al-based organometallic
molecules and Ti-based organometallic molecules are
presented in Figures S3 and S4 (see the Supporting
Information). High-intensity N—C stretching vibration peaks
can be seen in the simulated IR spectra of AI(N(CHj;),); at
976, 1158, and 1273 cm™ and Ti(N(CHj,),), at 936, 1138,
and 1239 cm™'. Based on simulated results, the absorption
band X between 800 and 1300 cm™ can be attributed to the
vibration peaks of the N—C band. The vibration peaks of C—
C/C—0O bonds (1080 cm™'),>> —CH=CH, bond (860
em™),>* Ti(Al)-C bond of the pristine TiAlC film, and
Ti(Al)—N bond of the modified layer can also coexist in this
region.

The potential volatile products (organometallic compounds)
formed by the reaction between N,/H, plasma and the TiAIC
surface are presented in Table S5 (see the Supporting
Information). These candidates, such as trimethylaluminum,
tris(dimethylamido)aluminum(III), and dimer tetrakis-
(dimethylamido)titanium(IV), contain methylated metal (M-
CH,) and methylaminated metal (M-N—CH,) groups and
exhibit high volatility or low boiling points (less than 126 °C).
Therefore, it is possible that the volatile products formed by
the reaction between TiAlC and N,/H, plasmas have similar
structures. In addition to the chemicals having a single bond
type between metal and methyl (M-CHj;), methylamine (M-
N—CH,), or amide (M-NH,), the volatile products can also be
combinations of different bonds, such as Al(CH;)(NH,)H and
Ti(N(CH,),)(NH,)s, as shown in Figure 9. This assumption

10 i

Ti(N(CHy))(NHp); N b.
CHQ N-Cy, BNH gu
N N-H C-H s 289
5 N-H 3 © ] 9
ow® 10 © Q0 A 9
— 288 £3 353539
< B3y ad FaTS 2,9,
-~ 0
210 AN
£ ! -
S AI(CH,)(NH)H ALH 8g|»c N
i}
€ 5 ' cH 3 NH CH MAI-C o
N-H 2 NH A
Qw -8~ BAI»H
3 ol No ©
0 o M J B

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 9. DFT-calculated IR spectra of Ti(Al)-based organometallic
molecules Al(CH;)(NH,)H and Ti(N(CH,),)(NH,);. The inset

images are their molecular structures.

is based on the ATR-FTIR results and simulation results,
where the peak positions closely match. To cover a variety of
assumptions, the formula M(N(CHj),),(CH;),(NH,) H; can
represent volatile products, where M is a metal (Al or Ti in this
study) and 4, b, ¢, d, and e range from 0 to 4.

3.5. Surface Roughness of the TiAIC Film after
Etching by N,/H, Plasmas. To evaluate the damage to the
surface of TiAIC films etched by N,/H, plasmas, the surface
roughness of TiAlC films before and after N,/H, plasma
etching is presented in Figure 10. The smooth surface of TiAIC
films etched by N,/H, plasma was achieved with an rms of
0.27—0.46 nm, compared to 0.44 nm for the pristine TiAIC
film. Figure 10a shows line profiles for surface roughness of
TiAIC films etched by N,/H, plasmas at various H, % with 3D
AFM images (insets). The surface of all the TiAIC films etched
by N,/H, plasma for 5 min is quite uniform with similar
properties to that of the pristine surface (rms <0.5 nm). For
the TiAIC film etched by pure N, plasma (H, % = 0%),
although no obvious etching occurs (Figure 2), the surface
roughness becomes smoother (rms = 0.27 nm) due to the
influence of the sputtering effect, as presented in Figure 10b.
For the TiAIC films exposed by pure H, plasma (H, % =
100%), although no etching occurs, an increase in surface
roughness (rms = 0.50 nm) is due to the implantation of H
atoms and ions into the TiAlC film. Figure 10c exhibits the
dependence of surface roughness (rms) of TiAlC films on
plasma exposure time at H, % of 50%. The surface roughness
of the TiAIC film after S min of etching is almost the same as
that of pristine TiAlC film (rms = 0.44 nm) and slightly
reduces to 0.40 nm after 10 min of etching.
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Figure 10. (a) Line profiles for surface roughness of TiAlC films
etched by N,/H, plasmas at various H, %. Insets show 3D AFM
images. (b) Surface roughness (rms) of TiAlC films etched by N,/H,
plasmas at various H, %. (c) Dependence of surface roughness (rms)
of TiAIC films on plasma exposure time at H, % of 50%. Excitation
power: 300 W, bias power: 200 W, working pressure: 2 Pa, and
substrate temperature: 20 °C.

Although Ti, Al, and C can be etched by fluorine- or
chlorine-based plasmas, the difference in etch rates of Al, Tj,
and C can cause rough etched morphologies, which have been
discussed in the work of C. Pakpum and N. Pussadee.'® The
pre-etch AITiC surface has a roughness (the arithmetic mean
roughness, Ra) of 0.98 + 0.55 nm, while the surface etched by
BCl;/Cl,/Ar plasma has a roughness of 110.7 + 13.7 nm. The
results for the surface roughness of AITiC etched by CF,
plasma and BCl;/Cl,/Ar plasmas indicate that the etched
surface of all halogen-treated AITiC samples shows significant
increases of 2 orders of magnitude in surface roughness (more
than 100 nm) compared to that of the pristine sample (around
1 nm). The smooth or low-damage TiAIC surface obtained by
N,/H, plasma etching in our study indicates that there is no
obvious selective etching for each element (Ti, Al, and C) by
N,/H, plasma etching. The surface roughness of TiAIC films
etched by N,/H, plasma can be controlled at the atomic level.
This is an important result for semiconductor applications.

3.6. Proposed Mechanism of Dry Etching TiAIC by N,/
H, Plasma. Based on the analysis of the plasma properties,
etching rate, surface modifications, and surface roughness of
TiAIC films exposed to N,/H, plasma using OES, in situ
spectroscopic ellipsometry, XPS, in situ ATR-FTIR, and AFM,
the proposed etching reaction mechanism between N,/H,
plasma and the TiAlC surface is presented in Figure 11. The
XPS results (Figure 6) show that the formation of N—H, C—N,
and Ti(Al)—N bonds is crucial for the formation of volatile
products. Groups such as methylated (—CH;) metal,
methylaminated (-N-(CH;),) metal, aminated (—NH,)
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Figure 11. Proposed mechanism for etching TiAlC using N,/H,
plasma.

metal, and hydrogenated (—H) metal can be part of the
candidate products, as shown in the FTIR results (Figure 8),
the DFT results (Figures S3 and S4, and Figure 9), and Table
SS. By utilization of the synergy effect of N and H in terms of
both chemical and physical characteristics during the exposure
of the metal carbide surface to N,/H, plasma, a defective
nitride and carbide layer can form, containing with multiple
dangling bonds which are capable of trapping numerous
hydrogen atoms. H atoms diffused and accumulated in the
defective nitride and carbide layer, thereby accelerating the
reaction of metal nitride and carbide with H atoms and
forming volatile products.

The Ti oxides and Al oxides are low permeability
materials.””>> These native oxides are very stable because the
high dissociation energies of Ti—O and Al—O are 662 and 512
kJ/mol, respectively, compared to those of other Ti and Al
compounds, as presented (see Supporting Information, Table
S6). The bond length of Al-O is 1.87 A that is almost 50%
shorter in comparison with those of Al-C (3.88 A) and Al-N
(3.83 A). This Al oxide layer with high density can hinder the
reaction of Al-C with other reactive species. Therefore,
removing these native oxides is important. The pristine TiAIC
film used in this study has a columnar structure that can trap
and react with the O atoms during the deposition process, so
some amount of Ti—O and Al—O still existed not only on the
TiAlC surface (respectively see the XPS result from Figure
6a,b) but also inside the columnar structure (see Supporting
Information, Figure S2). Those oxides become passivation
parts to avoid the reaction of Al-C and Ti—C with reactive
species, resulting in difficulty in etching this material. Ar
sputtering is supposed to be able to remove the native oxides
from the TiAlC surface; however, it is not able to go deeply to
the TiAIC film to remove the Ti—O and Al—O bonds between
the columnar regions. Replacing Ti—O and Al—O with bonds
of lower dissociation energy can reduce the surface bonding
energy of Ti—C and Al-C covered by the native oxides that
exist not only on the top surface of the TiAIC film but also
within its columnar structure. Although the C—N bond can be
formed after N,/H, plasma exposure, as shown in the C 1s
spectrum (Figure 6¢), the C—Ti bond still remained, meaning
that N atoms do not fully replace C of the metal carbide, but
they filled the C vacancy in the polycrystal TiAlC and reacted
with Ti—O and Al-O bonds that exist inside the columnar
structure of the TiAlC film to form Ti—N and Al-N bonds
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(Figure 6). The H atom has a small radius (1.54 A), so it can
penetrate deeply to the TiAlC film and potentially replaces the
O atom in metal oxides to become metal hydrides with much
lower bond energies such as Al-H (285 kJ/mol) and Ti—H
bond (1.70 kJ/mol). However, H penetration to the metal film
may produce an active vacancy—hydrogen complex in the
metal part, and these nonequilibrium vacancies tend to
segregate, forming void in the metal bulk.>*~>* Moreover, in
the consideration of etching aspect, due to the low volatility of
TiH, and AlH,, as mentioned in the study of Choi and Hess,*
pure H, plasma is not a good candidate to etch TiAlC. In
comparison with forming metal hydrides, Ti—N and AI-N
have similar properties with Ti—C and Al—C in terms of bond
length and bond energy and are not stable as Ti—O and Al-O
bonds. The defective nitride and carbide layer, formed after
exposure to N,/H, plasma, contains multiple dangling bonds
that are capable of trapping numerous hydrogen atoms. A
similar effect was studied when using plasma to grow a nitride
layer, which can act as a hydrogen trapping layer for austenitic
stainless steel film.”® Therefore, these unstable nitrides and
original carbide bonds after treatment by N,/H, plasma can
have numerous dangling bonds to react easily with H atoms to
form methylated metal (M-CHj;), methylaminated metal (M-
N—CHs;), amidated metal (M-NH,), or hydrogenated metal
(M-H) bonds that are parts of the volatile products, as shown
in the FTIR results (Figure 8), the DFT results (Figures S3
and S4, and Figure 9), and Table SS. For more considerations
about the volatile products, the methyl group (CH;—) can be
another alkyl group (C,H,,,;—). In addition to the forming
volatile metal hydrides, methylated metal or alkylated metal
etch products generated with hydrocarbon etching plasma
were investigated.””®" Therefore, in this study, by controlling
the active species such as N, NH, and H, methylation,
methylamination, amination, and hydrogenation of the TiAIC
film can be formed and become part of the volatile products.
Importantly, the surface roughness of the TiAlC film etched by
N,/H, plasma in this study can be controlled at the atomic
level (rms around 0.4 nm). This indicates that there is no
obvious selective etching for each element (Ti, Al, and C) by
N,/H, plasma etching, providing useful insights into the
microfabrication for large-scale integrated circuits in semi-
conductor devices.

4. CONCLUSIONS

A simple, highly controllable, and dry etching method for
ternary metal carbides TiAIC using nonhalogen N,/H, plasmas
at low pressure and 20 °C is presented. The etch rate of TiAIC
was around 3 nm/min using the N,/H, plasma at an excitation
power of 300 W, a bias power of 200 W, and 2 Pa. Almost no
etching occurred when using pure N, plasma or pure H,
plasma. The NH molecular line at 336 nm from N,/H,
plasmas was detected using HR-OES. The relationship
between the intensity ratios of I(N,-337.1 nm)/I(H,-656.3
nm) and I(N,-337.1 nm)/I(NH-336.0 nm) and the etch rate
of TiAIC, with higher intensity ratios resulting in a higher etch
rate at lower pressure (2 Pa), was investigated. The formation
of N—H and C—N bonds on TiAlIC during the plasma—surface
reaction between N,/H, plasma and TiAlC was detected using
XPS and in situ ATR-FTIR, indicating that the N,/H, plasmas
contain etchant species including N, NH, and H that react with
the metal carbide surface to form methylated (—CH;)—,
methylaminated (—N—(CH;),)—, aminated (—NH,)—, and
hydrogenated (—H) metals as volatile products. After N,/H,

etching, a smooth etched surface was achieved with an rms of
0.40 nm, comparable to the initial roughness of 0.44 nm. The
results demonstrate a concept for developing etching of metal
carbide using low-pressure and low-temperature nonhalogen
plasmas through transformation reactions between inorganic
materials (metal carbide) and inorganic etchants (N,/H,
plasma) to form volatile organic compounds using nonhalogen,
noncorrosive, nontoxic gases, or nonorganic compound
etchants.
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