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ABSTRACT

Thermal atomic layer etching (ALE) of cobalt was developed using sulfuryl chloride (SO,CL,) for chlorination and either tetramethylethylenediamine
(TMEDA) or trimethylphosphine (PMes) for ligand addition. In situ quartz crystal microbalance (QCM) measurements were used to
monitor the thermal ALE of cobalt using the SO,Cl,/TMEDA and SO,ClL,/PMe; processes. For every SO,Cl, exposure, there was a mass
gain during chlorination. For every TMEDA or PMe; exposure, there was a mass loss during ligand addition. The result was a net removal of
cobalt during each chlorination/ligand-addition reaction cycle. Average etch rates determined from QCM measurements for the SO,ClL,/TMEDA
process at 175, 200, 225, 250, 275, and 300 °C were 0.62 + 0.41, 1.35 £ 0.64, 2.31 £ 0.91, 6.43 + 1.31, 10.56 +2.94, and 7.62 + 4.87 A/cycle, respec-
tively. These etch rates were corroborated using x-ray reflectivity (XRR) studies on cobalt thin films on silicon coupons. Quadrupole
mass spectroscopy analysis also revealed that the cobalt etch product from TMEDA exposures on CoCl, powder was CoClL,(TMEDA).
The SO,Cl,/TMEDA process could remove the surface chloride layer formed by each SO,Cl, exposure with one TMEDA exposure. In
contrast, the SO,Cl,/PMe; process required 20-40 individual PMe; exposures to remove the surface chloride layer formed from each
SO,Cl, exposure at 130-200 °C. An increasing number of PMe; exposures were needed as the temperature decreased below 130 °C. The etch
rates for the SO,Cl,/PMe; process with multiple PMe; exposures were 2-4 A/cycle as determined by the QCM and XRR studies. For both the
SO,CL/TMEDA and SO,Cl,/PMe; processes, the etch rate was determined by the amount of CoCl, created during the SO,Cl, exposure.
Thicker surface CoCl, layers from larger SO,Cl, exposures resulted in higher Co etch rates that could exceed one crystalline unit cell length.
Atomic force microscopy measurements determined that the cobalt surface roughness decreased after Co ALE with the SO,Cl,/TMEDA
process. In contrast, the cobalt surface roughness increased after Co ALE with the SO,CL,/PMe; process. The chlorination and ligand-addition
mechanism should be generally applicable for metal ALE for metals that form stable chlorides.
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I. INTRODUCTION Thermal ALE produces isotropic etching because both sequential
reactions are initiated by the flux resulting from the pressure of gas
phase reactants.”® Thermal ALE complements plasma ALE tech-
niques that produce anisotropic etching by employing directional
energetic ions for the release of the etch products through

Thermal atomic layer etching (ALE) is typically comprised of
two sequential reactions: surface modification and volatile
release.”” Thermal ALE can be viewed as the opposite of atomic
layer deposition (ALD).>* During thermal ALE, the surface modifi-

sputtering.’
cation step involves a reaction that alters the top surface layer."” Materials that have been etched with thermal ALE include
The removal step then exposes the modified surface to a precursor many metal oxides, such as Al,Os;, HfO,, and 7Zr0,.>*"* These
that will form stable, volatile species with the modified surface. metal oxides are etched using fluorination as the surface
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modification step and ligand-exchange for the volatile release step.
A typical etch rate is 0.51 A/cycle for AL,O; ALE using HF and tri-
methylaluminum (TMA) at 300 °C."' Another thermal ALE mecha-
nism can involve conversion reactions that convert the initial surface
material to a different material.'” These conversion reactions have
successfully etched a variety of materials such as SiO, and WO,.'"”
A typical etch rate is 4.18 A/cycle for WO; ALE using BCl; and HF
at 207 °C."” Oxidation reactions, sometimes together with conversion
reactions, have also been employed for the etching of many materials
such as W, TiN, Si, Si3N,, and SiGe.'” ™!

In contrast to the previous work for the thermal ALE of
oxides and nitrides, few metals have been etched using thermal
ALE. Thermal ALE of metals can be difficult because the modifica-
tion step must also change the oxidation state of the metal surface.
This change in the oxidation state is needed because volatile metal
species usually contain the metal in an oxidized state. The change
in the oxidation state can be accomplished by (1) oxidation to
create a metal oxide layer, (2) chlorination to create a metal chlo-
ride layer, or (3) fluorination to create a metal fluoride layer. After
the oxidation state of the metal has been changed, different precur-
sors can be used to form stable and volatile species via different
types of reactions.

Cu thermal ALE has been performed using oxidation as the
first reaction, followed by a second reaction using hexafluoroacety-
lacetonate (hfacH).”> During this hfacH reaction, the ligand addi-
tion of hfac and hydrogen transfer to the copper oxide form Cu
(hfac), and H,O as by—products.22 Co thermal ALE has also been
demonstrated by chlorination as the first reaction, and then ligand
addition and hydrogen-transfer reactions using hfacH as the
second reaction.”>** Co(hfac), and HCl are believed to be the
etching products.”* Thermal cycling Co ALE methods have also
been developed involving plasma oxidation at a low temperature of
25°C and then thermal annealing to a higher temperature of 210 °C
in the presence of acetylacetone (acacH).””

Ligand addition without hydrogen transfer has also been used
as the volatile release step for thermal Ni ALE.”® The thermal Ni
ALE process involves chlorination using SO,Cl, to create NiCl,
surface species. The ligand-addition step is then defined by exposure
to PMe, ligands that bind to and volatilize the NiCl, surface species.”®
The PMe; ligands add directly to the NiCl, surface species to form
the etch products. A typical etch rate is 1.97 A/cycle for Ni ALE using
SO,Cl, and PMe; at 175 °C.”° The etch product observed by quadru-
pole mass spectrometry (QMS) studies was NiCl,(PMe;),.”

The Co thermal ALE process developed in this work follows
the mechanism shown in Fig. 1. For the surface modification step,
the Co surface is exposed to sulfuryl chloride (SO,Cl,) and forms a
CoCl, surface layer. The volatile release step involves exposing the
CoCl, surface layer to a ligand-addition precursor. This ligand-
addition precursor is denoted as “L” in Fig. 1.” The ligand addi-
tion leads to the formation of a volatile CoCl,L, species. The L
ligands were tetramethylethylenediamine (TMEDA) and PMes.
TMEDA is a bidentate ligand where the two electron lone pairs on
the two nitrogen atoms bind to the metal center. PMe; is a mono-
dentate ligand where the electron lone pair on phosphorous binds
to the metal center.

Cobalt etching is necessary for the fabrication of magnetic
devices such as magnetic tunneling junctions for magnetic random

ARTICLE avs.scitation.org/journalljva
CoCl,
Co Co
SO,Cl, L ligand
b SO, b oClL,
CoCl, ' EtchedCo |
Co Co
Chlorination Ligand Addition

FIG. 1. Proposed mechanism for Co ALE using SO,Cl, for chlorination and an
L ligand for ligand-addition to produce a volatile CoCl,L, etch species.

access memory.”>”” Cobalt etching is also important for cobalt
recess etching for advanced interconnects.”’ Cobalt can be
etched using wet etching techniques using HCl or H;PO, acid
solutions.”’ Another wet etch approach is to first oxidize cobalt in
a H,0, solution. Subsequently, the passivating cobalt oxide layer
can be dissolved in dilute HE.”" Cobalt has also been shown to etch
in a solution of hfacH or acacH.”® Unfortunately, wet etching rates
are usually high and not precise at the atomic level.

Cobalt can also be etched in vacuum using ion-based tech-
niques. For example, a two-step process defined by acacH expo-
sure and an Ar ion beam exposure leads to Co volatilization.*
This two-step process has a reported etch rate of 13 A/min. In
comparison, the Ar ion beam sputtering alone led to an etch

rate of 7 A/min.*® This ion beam-assisted cobalt etching is °

more controllable than the solution etching processes.

However, the Ar ion beam is directional and does not produce ¢

isotropic etching. In addition, the Ar jon beam can lead to the
undesirable damage of the cobalt surface and near-surface
region.

This study focused on Co thermal ALE using chlorination
with SO,Cl, and ligand addition with either TMEDA or PMe;. Co
etch rates were measured with quartz crystal microbalance (QCM)
or x-ray reflectivity (XRR) measurements. The temperature depen-

dence of Co thermal ALE was explored using both TMEDA and

PMes;. QMS was utilized to identify the volatile etch species.
Atomic force microscopy was also employed to study the roughness
of the surface after Co thermal ALE.

Il. EXPERIMENT
A. Reactor and in situ QCM measurements

Thermal ALE experiments were performed in a viscous flow
reactor.”” The reaction temperatures were maintained by a
proportional-integral-derivative ~temperature controller (2604,
Eurotherm). A constant flow of ultrahigh purity (99.999%) Ar gas
was employed as the carrier and purge gas using mass flow control-
lers (type 1179A, MKS). A mechanical pump (Pascal 2015SD,
Alcatel) was attached at the back of the reactor. The reactor
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pressure with flowing Ar carrier gas was 1 Torr. This pressure was
measured by a capacitance manometer (Baratron 121A, MKS).

QCM studies were performed in the viscous flow reactor.”
The quartz crystals (polished, RC cut, 6 MHz, Phillip Technologies)
were coated with ~2000 A of sputtered cobalt. The cobalt-coated
crystal was placed in a sensor head (Inficon) and sealed with a high
temperature silver epoxy (Epo-Tek H21D, Epoxy Technology Inc.).

The QCM head was placed in an isothermal region of the
reactor. A constant argon gas flow on the back of the QCM was
used to prevent the interaction of precursors with the backside of
the QCM crystal.”” The changes in the resonant frequency of the
quartz crystal were recorded and converted to mass using a thin
film deposition monitor (Maxtek TM-400, Inficon). The QCM has
a precision of ~1 ng/cm”. The cobalt-coated crystal was maintained
in the reactor at temperature to equilibrate for at least 6 h before
starting the experiments.

B. Co films for ex situ XRR experiments

Cobalt thin films were prepared using physical vapor deposi-
tion on thermal SiO, on a silicon substrate. These cobalt films were
prepared by Intel. The cobalt wafer was cut into 2 x 2 cm? pieces to
fit in the reactor. These cobalt films were polycrystalline with a hex-
agonal structure as verified with grazing incidence x-ray diffraction
(GI-XRD). These cobalt films had a thickness of 120-140 A and a
native oxide (CoO) layer on top of the cobalt with a thickness of
~60-70 A according to x-ray reflectivity (XRR) analysis.

Both GI-XRD and XRR scans were performed using an XRD
instrument (Bede D1, Jordan Valley Semiconductors) with radia-
tion from Cu Ko (A = 1.540 A). The x-ray tube filament voltage was
40kV, and the current was 35mA. The incident angle used for
the GI-XRD measurements was 0.3°. The XRR scan range was
300-6000 arcsec with a 5arcsec step size. The XRR scans were ana-
lyzed using modeling software (REFS, Jordan Valley Semiconductors).

C. Reactants in viscous flow reactor and AFM
measurements

Each reagent was dosed into the constant stream of Ar carrier
gas in the viscous flow reactor. The chlorination precursor was sul-
furyl chloride (SO,Cl,, 97%, Sigma-Aldrich). Sulfuryl chloride is a
liquid with high vapor pressure that is easily handled in the labora-
tory.33 SO,Cl, will also thermally decompose to SO, + Cl, at tem-
peratures approaching 300 °C and higher.”* The pressure transients
during the SO,Cl, exposures were 100 m Torr. These pressures
were defined by a metering valve (SS-4BMG, Swagelok). The
ligand-addition  precursors were tetramethylethylenediamine
(TMEDA, 99.5%, Sigma-Aldrich) and trimethylphosphine (PMes,
97%, Sigma-Aldrich). Pressure transients were 40 m Torr for
TMEDA exposures and 300 m Torr for PMe; exposures. These
pressure transients were also controlled by metering valves.

The thermal Co ALE experiments were performed with an
exposure of 1s for all precursors (SO,Cl,, TMEDA, and PMe;).
The Ar purge times were determined by the time required for the
mass change to level out after the precursor exposure. The Ar
purge time was between 60 and 200s after the SO,Cl, exposure.
The purge time was between 60 and 120s following the PMe;
exposures. The longer purge times were employed at lower
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temperatures. At 70 °C, the purge times were 200 s after the SO,Cl,
exposures and 300 s following the PMe; exposures. At 80-100 °C,
the purge times were 200 s after the SO,Cl, exposures and 120s
following the PMe; exposures. At 110-130 °C, the purge times were
120 s after the SO,Cl, exposures and 90 s following the PMe; expo-
sures. At 140-200 °C, the purge times were 120 s after the SO,Cl,
exposures and 60 s following the PMe; exposures. The purge times
were 120s after the SO,Cl, exposures and 300s following the
TMEDA exposures at 175-300 °C.

For the experiments using SO,Cl, and TMEDA, the reaction
sequence for one cycle was one exposure of SO,Cl, followed by one
exposure of TMEDA. When using SO,Cl, and PMe;, one cycle
consisted of one exposure of SO,Cl, followed by a number of indi-
vidual PMe; exposures (x), where x was variable and optimized for
each temperature. The Co and CoO thicknesses before and after
the Co thermal ALE process were measured with XRR. The etch
rate was determined by a comparison of the Co thicknesses before
and after the Co thermal ALE.

Atomic force microscopy (AFM) was utilized to evaluate the
surface of the cobalt films before and after Co thermal ALE. These
AFM measurements were performed with an AFM instrument
(Park NX10) using noncontact mode. The scan rate was 0.2-1.0 Hz
with a microcantilever probe (Olympus OMCL-AC160TS). The
average RMS roughness values were obtained using RMS roughness
measurements at three different locations for each sample.

D. Quadrupole mass spectrometry experiments

Detection of volatile etch species was accomplished using
quadrupole mass spectrometry (QMS).”> The quadrupole mass
spectrometer has 19 mm-diameter mass filter quadrupole poles, an
operating frequency of 880 kHz, and a mass range of 1-1000 amu
(Extrel, MAX-QMS Flange Mounted System). QMS acquisitions
were performed in a mass-to-charge (m/z) window of 1-1000 amu
using an electron ionization energy of 70 eV. Each scan from 1 to
1000 amu was completed in 2.2 s, and there were 27 data points per
amu. For the temperature ramp experiments, the QMS scans were
recorded throughout the temperature ramp.

The reactor and sample holder for the QMS experiments have
been described previously.” During the QMS experiments,
TMEDA at ~0.5Torr in a N, carrier gas flows through CoCl,
powder (Strem Chemicals, anhydrous, 99.999%).> A fraction of
the N, carrier gas, etch products, and remaining TMEDA precursor
exits the sample holder through an aperture. Gas expansion
through the aperture then creates a molecular beam that travels
through a skimmer before arriving at the ionization region of the
mass spectrometer.”” Ionization of gas is achieved by
electron-impact ionization with a circular thoriated iridium fila-
ment in the ionization volume. The QMS mass analyzer was posi-
tioned perpendicular to the incoming molecular beam to minimize
exposures to corrosive gaseous species.

E. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) (PHI 5600, RBD
Instruments) was employed to determine the film composition. A
monochromatic Al K, x-ray source (1486.6eV) was utilized to
collect survey scans with a pass energy of 93.9 ¢V and a step size of
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0.400 eV. Casa XPS software (Casa XPS, Casa Software) determined
the surface concentrations using the XPS signals and their corre-
sponding sensitivity factors. The XPS peaks were calibrated to the
C 1s peak for adventitious carbon centered at 284.8 eV.

I1l. RESULTS AND DISCUSSION
A. QCM measurements
1. TMEDA as ligand-addition precursor

Cobalt thermal ALE using sequential SO,Cl, and TMEDA
exposures was analyzed using QCM measurements. The results at
250°C are displayed in Fig. 2. The linear mass reduction versus
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FIG. 2. (a) Mass change vs time during 50 cycles of Co ALE using SO,Cl, and
TMEDA as reactants at 250 °C. (b) Magnification of two Co ALE cycles in (a)
showing a mass increase during single SO,Cl, exposure and a mass decrease
during single TMEDA exposure.
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time for 50 cycles of Co thermal ALE with a SO,Cl,/TMEDA cycle
time of 422 s is shown in Fig. 2(a). The mass loss of 34 500 ng/cm2
over 50 cycles is equivalent to an average etch rate of 7.75 A/cycle.
This conversion is based on the Co density of 8.90 g/cm’.

Two Co thermal ALE cycles from Fig. 2(a) are expanded and
displayed in Fig. 2(b) to investigate the mechanism of Co thermal
ALE. On each SO,Cl, exposure, the mass increases by approxi-
mately 875 ng/cm” as expected if SO,Cl, is chlorinating the Co
surface according to the reaction
Co + SO,Cl,(g) = CoCl, + SO,(g). This reaction is thermochemi-
cally favorable with a standard free energy change of AG®
(250°C) = —62.8 kcal.”® The mass subsequently decreases with
each TMEDA exposure. This decrease is expected if the ligand
addition of TMEDA leads to the volatilization of the cobalt chlo-
ride surface layer. The volatilization reaction is believed to be
CoCl, + TMEDA(g) — CoCl,(TMEDA)(g). CoCl,(TMEDA) is a
known Co complex from the literature.””

QCM results at various temperatures for 35 cycles of Co
thermal ALE using SO,Cl, and TMEDA as the reactants are shown
in Fig. 3. The lowest etch rate is 0.33 A/cycle at 175 °C. The highest
etch rate is 14.54 A/cycle at 275°C. In comparison, the unit cell
length for crystalline h-Co is 4.07 A along the c-axis. The etch rates
for the 35 cycles shown at 200, 225, 250, and 300 °C are 0.88, 1.62,
7.59, and 3.80 A/cycle, respectively. Note that the etch rate at 300 °
C was lower than the etch rate at 275 °C.

The average etch rates from multiple Co ALE experiments
using QCM experiments with SO,Cl, and TMEDA as the reactants
are shown in Fig. 4. At least three separate experiments were per-
formed at each temperature. The error bars reflect the variation

N
o o
| |

-20 —
-30 —

.40 —

180,Cl,— 1 TMEDA 275 °C
'50 | I | [ | I |

Mass Change (103 ng/cmz)

0 10 20
Number of Cycles

30

FIG. 3. Mass change vs number of ALE cycles showing 35 Co ALE cycles
using SO,Cl, and TMEDA as reactants at 175, 200, 225, 250, 175, and 300 °C.
Pulse sequence was performed with single SO,Cl, exposure and single
TMEDA exposure.
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FIG. 4. Etch rates at various temperatures for Co ALE determined from QCM
measurements using SO,Cl, and TMEDA as reactants.

between the different QCM experiments. This variation from
experiment to experiment can be partially attributed to the order of
experiments and different QCM units.

The etch rates increase with increasing temperature until
275 °C. Subsequently, the average etch rate decreases at 300 °C. The
variation between various individual experimental results also
increases dramatically at 300 °C. Possible reasons for this large vari-
ation and decreased average etch rate at 300°C could be the
decomposition of the proposed CoCl,(TMEDA) etch product. The
CoClL,(TMEDA) compound under 1atm of nitrogen gas has been
reported to decompose at 310-342 °C.”” This observed decomposi-
tion temperature is close to the observed decrease in the Co
thermal ALE etch rate at 300 °C. XPS investigations were per-
formed after Co ALE at 300 °C to analyze the surface composition.
Unfortunately, these XPS measurements could not distinguish
between carbon decomposition products and adventitious carbon.

The QCM measurements can be used to determine how much
CoCl, is created during each SO,Cl, exposure and how much
CoCl, is lost during each TMEDA exposure. The cobalt chlorina-
tion is analyzed assuming that all the mass gained during the
SO,Cl, exposure is attributed to chlorine. In addition, this chlorine
is presumed to react with cobalt to form stoichiometric CoCl,.
Finally, the surface area of the cobalt QCM crystal is assumed to be
1 cm?®. This assumption is valid if the cobalt film is smooth and if
any possible roughness adds a negligible amount to the surface
area.

For the Co ALE using SO,Cl,/TMEDA at 250 °C shown in
Fig. 2, the average mass change during the SO,Cl, exposure is
Amgo,c, = 786.7 ng/cm’. This mass gain represents the addition of
786.7 ng of Cl to the 1 cm” surface area. This mass gain of chlorine
is equivalent to the creation of 1.11 x 10~ mol of CoCl, based on
the molar ratio of 2 CI to 1 CoCl,. The mass of CoCl, formed is
1440.7 ng using the molar mass of 129.84 g/mol for CoCl,. The
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accepted density of CoCl, is 3.36 g/cm’. This density is used to
convert the mass of CoCl, to a CoCl, thickness of 42.88 A. This
42.88 A of CoCl, was created from 7.36 A of cobalt. The much
larger thickness of CoCl, results from the large volume expansion
during cobalt chlorination.

The average mass loss during the TMEDA exposure is
Amrypepa = —1462.6 ng/cm2 for the 35 ALE cycles at 250°C
shown in Fig. 2. In comparison, there was an average of 1440.7 ng
of CoCl, created from the previous SO,Cl, exposure. The
average remaining CoCl, left after the TMEDA exposure is
1440.7-1462.6 = -21.9ng. The TMEDA exposure removed
slightly more mass than the CoCl, created on the previous step.
This behavior may indicate that there was underlying CoCl, left
over from a previous experiment that was then removed during
Co ALE at 250 °C. On average, the TMEDA ligand-addition reac-
tion removes 101.5% of the CoCl, formed from the previous
SO,Cl, exposure on the QCM surface at 250 °C.

The mass changes can also be analyzed for the other tempera-
tures of 175, 200, 225, 275, and 300°C shown in Fig. 3. The
average Amsp,c, mass gains are 43.9, 105.3, 189.3, 1607.8, and
415.9 ng/cmz, respectively. The average Amryppa mass losses are
—73.4, —184.7, —330.1, —2881.2, and —754.4 ng/cmz, respectively.
Based on the average Amgo,c;, mass gains and average Amrmgpa
mass losses, the average percent CoCl, removed at 175, 200, 225,
275, and 300 °C are 91%, 95.8%, 95.2%, 97.9%, and 99.1%, respec-
tively. These percentages of >90% for CoCl, removed at each tem-
perature demonstrate that the TMEDA ligand-addition reaction is
very efficient. Additional TMEDA exposures did not result in
further mass loss. This behavior indicates that the TMEDA
ligand-addition reaction is self-limiting.

2. PMes as ligand-addition precursor

PMe; can also be employed as a ligand-addition precursor. The
results for SO,Cl, as the chlorination reactant and PMe; as the
ligand-addition reactant are shown in Fig. 5(a) for 40 cycles of Co
thermal ALE at 175 °C. The mass loss is linear versus Co ALE cycles
over the range of 40 ALE cycles. The mass loss of 12080 ng/cm®
over 40 cycles is equivalent to an etch rate of 3.39 A/cycle.

Two cycles of Co ALE using SO,Cl, and PMe; as the reactants
in Fig. 5(a) are expanded and displayed in Fig. 5(b). There is a
mass gain when SO,Cl, is exposed to the cobalt surface as expected
if a CoCl, surface layer is formed during the chlorination process.
Likewise, there is a mass loss when PMe; is exposed to the CoCl,
surface to form the expected CoCl,(PMes), volatile etch product.
This etch product is predicted based on earlier results for Ni
thermal ALE using SO,Cl, and PMe; as the reactants.”®

Many PMe; exposures are needed to remove the CoCl, layer
on the surface. Figure 5(b) reveals that 30 PMe; exposures are nec-
essary at 175°C. Each individual PMe; exposure results in addi-
tional mass loss. This behavior indicates that some CoCl, is
removed on each PMe; exposure. The ligand-addition reaction of
PMe; with CoCl, is much less favorable than the ligand-addition
reaction of TMEDA with CoCl,. The ligand-addition reaction of
PMe; with CoCl, is also less favorable than the ligand-addition
reaction of PMe; with NiCl, where one PMe; exposure could lead
to complete removal of the NiCl, surface layer.”
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FIG. 5. (a) Mass change vs time during 40 cycles of Co ALE using SO,Cl, and
PMe; as reactants at 175 °C. (b) Magnification of two Co ALE cycles in (a)
showing a mass increase during single SO,Cl, exposure and a mass decrease
during 30 PMe; exposures.

Nearly all the available CoCl, has been removed near the end
of the 30 PMe; exposures. The last few PMe; exposures during
each cycle in Fig. 5(b) remove very little mass. Based on the average
Amgp,c), mass gains and average Ampy, mass losses, the average
percent CoCl, removed by the 30 PMe; exposures for the results in
Fig. 5(b) at 175 °C is 94%.

The number of PMe; exposures required to remove the CoCl,
layer varies greatly with temperature. Figure 6 shows the number of
PMe; exposures per cycle needed to remove the CoCl, layer at
various temperatures. For temperatures >130 °C, around 25 PMe;
exposures are needed to remove the CoCl, layer. However, for tem-
peratures <130°C, the number of PMe; exposures required to
remove the CoCl, layer dramatically increases. Almost 350 PMe;
exposures are necessary to remove the CoCl, layer at 70 °C.

The etch rates from 80 to 200 °C derived by the QCM and
XRR measurements are summarized for Co ALE using SO,Cl, and
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FIG. 6. Number of PMe; exposures in each Co ALE cycle needed to remove
the CoCl, layer as a function of temperature.

PMe; as the reactants in Fig. 7. The number of PMe; exposures per

cycle was optimized for each temperature. The etch rates deter- :

mined by the QCM and XRR techniques agree well with each
other. The etch rate does not vary significantly with temperature.
All the Co etch rates were between 2 and 4 A/Cycle. In addition, an
average of 90%-95% of the CoCl, surface layer formed by the
SO,Cl, exposure was removed by the PMe; exposures regardless of
temperature.
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FIG. 7. Etch rate vs temperature for Co ALE using SO,Cl, and PMe; measured
by QCM (blue circles) and XRR (red squares).

1pd'8842000°9 L £092£0/52600.1/88¥2000°9/91 L L '0L/10p/3pd-8joie/enl/sne/Bio-die sqnd)/:dpy woy pepeojumoq

J. Vac. Sci. Technol. A 41(3) May/Jun 2023; doi: 10.1116/6.0002488
Published under an exclusive license by the AVS

41, 032603-6


https://avs.scitation.org/journal/jva

JVSTA

Journal of Vacuum Science & Technology A

B. XRR measurements on cobalt coupons

The cobalt etch rates using both TMEDA and PMe; as the
ligand-addition precursor were also quantified using cobalt thin
films prepared by physical vapor deposition on thermal SiO, on
silicon coupons. The etch rates were determined using XRR mea-
surements. Figure 8 shows the thickness change for the cobalt films
using SO,Cl, and TMEDA as the reactants at temperatures from
175 to 300°C. Each point on the graph corresponds to a new
coupon etched for the denoted number of ALE cycles. Using new
coupons for each experiment leads to some variance across multi-
ple samples. However, the thickness change is approximately linear
versus number of ALE cycles.

Cobalt etch rates from the results in Fig. 8 are plotted in
Fig. 9. The smallest etch rate of 2.65+0.35 A/cycle is observed at
175°C. The etch rates then increase with increasing temperature.
Etch rates at 200, 225, 250, 275, and 300°C are 2.95+*0.21,
3.39+0.36, 547+1.03, 7.06+0.52, and 12.47+2.40 A/Cycle,
respectively. The error in the etch rates is from the variance
between the different cobalt coupons.

The cobalt etch rates determined from the XRR measurements
shown in Fig. 9 can be compared with the etch rates determined
from the QCM studies displayed in Fig. 4. The etch rates at 175-
275°C are similar between the two methods. This similarity is
notable because the cobalt films used in the QCM and XRR investi-
gations were deposited using different deposition tools.

A discrepancy between the etch rates determined by the QCM
and XRR investigations is observed at 300 °C. The QCM measure-
ments shown in Fig. 4 observed a reduction in the cobalt etch rate
at 300 °C. In contrast, the XRR measurements displayed in Fig. 9
observed an increase in the cobalt etch rate compared with the
cobalt etch rate at 275°C. One possible reason for this difference
could be the different thicknesses of the cobalt films used in the
two studies.
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FIG. 8. Cobalt thickness change determined by XRR vs. number of SO,Cl,/
TMEDA ALE cycles at 175, 200, 225, 250, 275, and 300 °C.
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The initial cobalt film thickness on the QCM sensor was
200 nm. The cobalt surfaces were etched for hundreds of ALE
cycles at 300 °C during the QCM experiments. Experiments were
stopped after the cobalt thin film was reduced to around 50 nm. In
contrast, the cobalt thin films studied by the XRR measurements
had much smaller initial thicknesses of 13-17 nm. The cobalt films
were completely removed by Co ALE in 15 cycles at 300 °C during
the XRR experiments.

The longer experiments performed during the QCM measure-
ments could result in the build-up of decomposition products on
the surface. These decomposition products may explain the more
scattered etching with the unexpectedly low etch rate at 300 °C in
Fig. 4. In comparison, the time required for the XRR measurements
was much shorter. There was much less time for decomposition
products to accumulate and reduce the etch rate.

The etching of cobalt using SO,Cl, and PMe; was also moni-
tored using XRR measurements. Figure 10 shows the thickness
change vs number of ALE cycles at 130, 150, and 175 °C. For these
experiments, the number of individual PMe; exposures was fixed at
25 for each ALE cycle. Based on the QCM studies, 25 PMe; expo-
sures should have been sufficient to remove the CoCl, surface layer
at these temperatures. Each point on the graph corresponds with a
new coupon etched for the designated number of ALE cycles.
Using separate coupons for each XRR measurement leads to some
variance. The variance is higher at higher temperatures as observed
by the scatter in the individual measurements at 175 °C.

The observed cobalt etch rates using SO,Cl, and PMes as the
reactants were 1.81+0.13, 2.62+0.29, and 2.51 +0.65 A/cycle at
130, 150, and 175 °C, respectively. The error in the etch rates indi-
cates that these three etch rates are not significantly different from
each other. This trend versus temperature mirrors the cobalt etch
rates displayed in Fig. 7 that were determined by QCM measure-
ments with SO,Cl, and PMej as the reactants. These etch rates
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FIG. 9. Cobalt etch rates measured by XRR for Co ALE using the SO,Cl,/
TMEDA process from 175 to 300 °C.
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FIG. 10. Cobalt thickness change determined by XRR vs number of SO,Cl,/
PMes ALE cycles at 130, 150, and 175 °C.

were between 2 and 4 A/cycle at all temperatures from 80 to
200 °C.

There is a slight etch delay at most temperatures for the XRR
measurements using the individual cobalt coupons. This etch delay
could be attributed to the native CoO layer on top of the cobalt
film. The thickness of the CoO layer measured by XRR was typi-
cally ~60-70 A. This CoO layer must be removed from each cobalt
coupon before measuring the underlying cobalt etching. In con-
trast, this native CoO layer can be removed prior to performing the
various QCM measurements.

C. Quadrupole mass spectrometry studies

In situ QMS was utilized to identify the volatile etch products
during Co thermal ALE. For the QMS experiments, the TMEDA
reactant was flowed continuously over CoCl, powder.”> The CoCl,
powder mimics the cobalt surface after chlorination by SO,Cl,. The
CoCl, powders also increase the sample surface area and maximize
the intensity of the volatile etch products. There is a continuous
etch product signal because the CoCl, powder is effectively an infi-
nite reservoir. The etch product can be produced until the CoCl,
powder is depleted.

Figure 11 shows the QMS results at 250°C for the m/z
window from 205 to 250 amu. Ion signals for CoCl,(TMEDA)"
from the CoClL,(TMEDA) etch product were observed in this m/z
range. The major ion signals were monitored at m/z 245 and m/z
247. These ion signal intensities were in excellent agreement with
the expected ion intensities based on the natural isotopic abun-
dances of Cl and C. As mentioned earlier, CoCl,(TMEDA) is a
documented Co compound.37 CoCL,(TMEDA) has been used as a
precursor for CoO ALD and the ALD of cobalt alloys at growth
temperatures from 140 to 300 °C.”"~*

The CoClL,(TMEDA) etch product is CoX,L, using the nota-
tion from the covalent bond classification (CBC) method.”” Earlier
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FIG. 11. Mass spectrometry results for CoCly(TMEDA)® from the cobalt etch
product, CoCl,(TMEDA), and a cracking fragment, CoCl(TMEDA)®, from the
reaction of TMEDA with CoCl, powder at 250 °C.

studies of Ni ALE using SO,Cl, and PMe; observed NiCl,(PMes),
as the etch product.Z(’"11 NiCl,(PMe;), is NiX,L, using the CBC
method notation. NiX,L, is a probable Ni compound according to
the MLX plots of the CBC method.*” In contrast, CoX,L, is not a
probable Co compound according to the MLX plots. The MLX
plots predict CoL,X (34%) and CoL;X; (54%) as the most probable
Co compounds.*” This discrepancy indicates that the CBC method
can help suggest possible X and L ligands to form stable etch prod-
ucts. However, the exact identity of these etch products may not be
predicted by the MLX plots. The MLX plots reveal the probability
of occurrence of various MLX complexes based on the known
metal complexes reported in the Dictionary of Organometallic
Complexes.”’

Ion signals were also observed from CoCl(TMEDA)" in
Fig. 11 with the major ion signals at m/z 210 and m/z 212. This ion
signal is a fragment of CoCl,(TMEDA)*. CoCI(TMEDA)" can also
be identified based on the Cl and C natural isotopic abundances.
There is excellent agreement between the observed mass spectrum
for CoCI(TMEDA)" and the calculated isotopic prediction.

The QMS studies also investigated the amount of volatile etch
species observed at various CoCl, powder temperatures. Figure 12
shows the results during a temperature ramp from room tempera-
ture to 400 °C. During the temperature ramp, TMEDA was contin-
uously flowed over the CoCl, powder. The molecular ions from
CoClL,(TMEDA), its fragment, CoCI(TMEDA), and TMEDA were
monitored as a function of temperature.

The ion signals for CoCl,(TMEDA)" and CoCI(TMEDA)" in
Fig. 12(a) rise and fall with a prominent peak at 250 °C. The ion
signals from TMEDA at m/z 116 and m/z 58 in Fig. 12(b) also rise
and fall in a similar fashion with a peak at 250 °C. The ion signals
from TMEDA are believed to be primarily from a fragment of the
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FIG. 12. Mass spectrometry results for ion intensities during the reaction of
TMEDA with CoCl, powder. (a) Cobalt etch product, CoCl,(TMEDA)", and main
cracking fragment, CoCl(TMEDA)* vs CoCl, powder temperature. (b) TMEDA at
m/z 116 and main cracking fragment of TMEDA at m/z 58 vs CoCl, powder
temperature.

CoCl,(TMEDA) etch product. Some of the TMEDA ion signals are
also from the continuous flow of the TMEDA precursor during the
temperature ramp from 50 to 400 °C.

The CoClL,(TMEDA)" ion signals are observed over the same
temperature range from 175 to 300 °C where Co thermal ALE is
observed by the QCM and XRR measurements. The QMS results
cannot be directly compared with the Co ALE results because the
QMS experiments use an infinite reservoir of CoCl, powder. The
infinite reservoir of CoCl, may not be the same as the CoCl,
surface layer on Co formed during the SO,Cl, chlorination reac-
tion. However, the observation of Co ALE together with the identi-
fication of the CoClL,(TMEDA) etch product from CoCl, powder
from 175 to 300°C helps to confirm the mechanism for Co
thermal ALE shown in Fig. 1.

Figure 12 shows a distinctive peak at 250 °C during the con-
tinuous TMEDA flow at CoCl, powder temperatures from 50 to
400°C. Similar peaks during temperature ramps have been
observed for NiCl,(P(CHj);), etch products from P(CHj;);
exposure on NiCl, powder, PdCl,(P(CHj3);), etch products from
P(CH;); exposure on PdCl, powder, and PtCl,(P(CH3);), etch
products from P(CHs); exposure on PtCl, powder.”**' These
peaks have been explained by the decreasing residence time for the
P(CHj); precursor at higher temperatures.”>*' The decreasing
intensity for the etch products can be understood using a
precursor-mediated adsorption model."’

QMS measurements during PMe; exposure on CoCl, powders
did not observe Co etch products. Although Co etch products
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FIG. 13. Cobalt etch rates vs Amso,ci, at various temperatures. These results
indicate that cobalt etch rate is determined by the amount of cobalt chlorination.

should be present, the intensity of these etch products may be
much smaller because the ligand addition of PMe; to CoCl, is not
efficient. As shown in Fig. 5, 30 PMe; individual exposures were
required to remove the CoCl, surface layer. In contrast, one
TMEDA exposure could remove the CoCl, surface layer as dis-
played in Fig. 2.

E 1400 |- m15S0,Cl,~ 1 TMEDA
—« 1000
O
S 800 | + m
T 600 [ % .o
I 40| WG
[ ]

& 200 | i i
g 0 1 1 i 1 1 1
<

50 100 150 200 250 300

Temperature (°C)

FIG. 14. Average Amgp,c, Vs temperature for Co ALE using the SO.Cl/
TMEDA process (red squares) and the SO,Cl/PMe; ALE process (blue
circles).
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D. Mass change during SO,Cl, exposure

Figure 13 shows the cobalt etch rate using SO,Cl, and
TMEDA as the reactants vs the average mass change during the
SO,Cl, exposure (Amgp,cj,) during steady state etching. Each point
represents the average Amgo,c), from a separate QCM experiment.
There were at least three experiments performed at each tempera-
ture. The plot shows a direct correlation between the cobalt
etch rate and Amgo,cy,. This correlation indicates that the cobalt
etch rate is determined by the amount of CoCl, formed during
the SO,Cl, exposure when using SO,Cl, and TMEDA as the
reactants.

The cobalt etch rate vs temperature using SO,Cl, and
TMEDA as the reactants is shown in Fig. 4. The average Amgo,cj,
(a) I nltl al vs temperature for the SO,Cl,/TMEDA etching process is displayed

in Fig. 14. As expected given the results in Fig. 13, the average etch
rate vs temperature in Fig. 4 and average Amgo,c), Vs temperature
for TMEDA in Fig. 14 are nearly identical. In contrast, Fig. 14
shows that Amgo, ), does not change significantly with temperature
during the SO,Cl, exposure with PMe; as the ligand-addition pre-
cursor. These results are consistent with the nearly constant cobalt
etch rate vs temperature in Fig. 7 using SO,Cl, and PMe; as the
reactants.

The Co thermal ALE processes developed in this study were
based on using one SO,Cl, exposure for chlorination per ALE
cycle. Additional SO,Cl, exposures will lead to additional chlorina-
tion of the cobalt surface. Experiments that examined multiple
SO,Cl, exposures for cobalt chlorination are presented elsewhere.*

E. AFM measurements of surface roughness

AFM measurements were performed to determine the effect
of Co thermal ALE on the surface roughness. Surface smoothing by
ALE has been previously reported during the ALE of many materi-
als such as ALO5;,>>'" HfO,,"* and Si;N,.'” The AFM measure-
ments were conducted on cobalt films that were etched with
SO,Cl, and either TMEDA or PMe; as the ligand-exchange precur-
sor. Figure 15 shows the AFM images before and after Co thermal
ALE. The cobalt film before any Co ALE cycles had an initial RMS
roughness of 1.62 nm.

After 20 cycles of SO,Cl,/TMEDA at 175 °C, the RMS rough-
ness decreased to 0.91 nm. These 20 cycles removed 2.5 nm of the
cobalt film. The RMS roughness of 0.91 nm indicates that the
SO,CL/TMEDA etch process smoothed the cobalt film. In contrast,
the SO,Cl,/PMe; etch process roughened the cobalt film. After 40
cycles at 130 °C, the RMS roughness was 2.16 nm. These 40 cycles
removed 3 nm of the cobalt film.

Although the SO,Cl,/TMEDA and SO,Cl,/PMe; etch pro-
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cesses both removed approximately the same amount of the cobalt
(C) 1 SO2CI2/ 25 PM e3 film, the SO,CL,/TMEDA etch process at 175°C smoothed the
R= 2 1 6 nm cobalt film and the SO,Cl,/PMe; process at 130 °C roughened the

cobalt film. The difference could be attributed to the different tem-
peratures for the two etch processes. The difference could also be
caused by the multiple PMe; exposures required to remove the
CoCl, layer during the SO,Cl,/PMe; process. Additional studies
are required to understand these changes in surface roughness.

FIG. 15. AFM images of (a) initial cobalt film; (b) cobalt film after 20 SO,Cl,/
TMEDA cycles at 175°C; and (c) cobalt film after 40 SO,Cl,/PMe; cycles at
130 °C.
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IV. CONCLUSIONS

A thermal ALE process for cobalt was developed using SO,Cl,
for chlorination and either TMEDA or PMe; for ligand-addition.
QCM measurements observed a mass increase on every SO,Cl,
exposure and a mass decrease on every TMEDA or PMe; exposure.
The average etch rates determined from QCM measurements for
the SO,ClL,/TMEDA process at 175, 200, 225, 250, 275, and 300 °C
were 0.62 +0.41, 1.35+0.64, 2.31 £0.91, 6.43 +1.31, 10.56 +2.94,
and 7.62  4.87 A/cycle, respectively. These Co etch rates were con-
firmed by XRR measurements using cobalt thin films on silicon
coupons. In addition, the QCM measurements revealed that
between 90% and 100% of the CoCl, surface layer formed during
the SO,Cl, exposure was removed during the TMEDA exposures.

In contrast, the SO,Cl,/PMe; process required 20-40 PMes
exposures to remove the CoCl, surface layer after each SO,Cl,
exposure at 130-200 °C. An increasing number of PMe; exposures
were needed as the temperature decreased below 130 °C. The QCM
and XRR measurements also revealed that the etch rates for the
SO,Cl,/PMe; process were 2-4 A/cycle and did not change with
temperature. For both the SO,CL,/TMEDA and SO,Cl,/PMe; pro-
cesses, the Co etch rate was determined by the amount of CoCl,
formed by the SO,Cl, exposure. The thicker CoCl, surface layers
during the SO,Cl,/TMEDA process at higher temperatures led to
larger Co etch rates. In comparison, the SO,Cl,/PMe; process
resulted in approximately the same amount of CoCl, formed at all
temperatures and little dependence of the Co etch rate on
temperature.

QMS analysis determined that the cobalt etch product during
TMEDA exposures on CoCl, was CoClL,(TMEDA). This Co etch
product peaked at 250 °C and was observed over the same tempera-
ture range of 175-300 °C where etch rates were measured for Co
thermal ALE. AFM measurements determined that the cobalt
roughness decreased after ALE with the SO,Cl,/TMEDA process.
In contrast, the cobalt surface roughness increased after Co ALE
with the SO,Cl,/PMe; process. These results for Co thermal ALE
using SO,Cl, and either TMEDA or PMe; as the reactants add to
the growing list of materials that can be etched by thermal ALE
methods. The chlorination and ligand-addition mechanism for Co
thermal ALE should be generally applicable for metal ALE for
metals that form stable chlorides.
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