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ABSTRACT: Thermal atomic layer etching (ALE) of gold was achieved using  SO,Cl, o SO,
sequential chlorination and ligand-addition reactions. This two-step process first \ Chlorination /
chlorinated gold using sulfuryl chloride (SO,Cl,) to form gold chloride. - Aucl
Subsequently, ligand addition to the gold chloride was performed using
triethylphosphine (PEt;) to yield a volatile gold etch product. Quartz crystal Au Au
microbalance measurements on cubic crystalline gold films showed etching at PEL Lizand AuCIPEL
temperatures from 75 to 175 °C. The most consistent etch rate was 0.44 + 0.16 A/ N gan Y 3
o . . Addition
cycle at 150 °C. A mass increase was observed during each SO,Cl, exposure when -
forming the gold chloride. A mass loss was then monitored during each PEt; dose e M) ciched Layer Thickness 1A
when ligand addition yielded a volatile etch product. In situ quadrupole mass Au Au
spectrometry (QMS) studies on Au nanopowder at 150 °C showed the production

of AuCIPEt; as the dominant Au-containing etch product during PEt; exposures.

Time-dependent QMS studies also observed the AuCIPEt;" ion intensity peaking at the beginning of each PEt; exposure. The
AuCIPEt;" ion intensity then decreased as the PEt;" ion intensity remained constant. This behavior indicates a self-limiting ligand-
addition reaction. X-ray photoelectron spectroscopy on these Au nanopowders showed evidence for AuCIPEt; on the surface of the
Au nanopowder when the final exposure was PEt;. Transmission electron microscopy analysis revealed that Au ALE did not roughen
the crystalline Au nanoparticles. Powder X-ray diffraction measurements also showed narrower diffraction peaks after Au ALE on Au
nanoparticles that were consistent with larger Au nanoparticles. This sintering effect may be caused by Au redistribution resulting
from the disproportionation of the AuCl surface species. Using the same alternating exposures of SO,Cl, and PEt;, Cu and Ni
nanopowders were also etched at 150 °C. Cu formed a volatile Cu,Cl,(PEt,), dimer during PEt; exposures at 150 °C. Likewise, Ni
formed volatile NiCL,(PEt;), during PEt; exposures at 150 °C. Gibbs free energy changes from ab inito calculations support these
etch product observations and offer a thermodynamic explanation for the formation of a copper dimer. These studies illustrate that
sequential chlorination and ligand-addition reactions can provide a useful ALE pathway for gold and other metals.

. INTRODUCTION Another thermal ALE mechanism is conversion, followed by
Atomic layer etching (ALE) is a highly controllable etch volatile release of the converted layer.”'* In the conversion
process that utilizes two sequential, self-limiting surface mechanism, the metal oxide is first converted to a different
reactions."”” The first reaction is a surface modification process. metal oxide that has a volatile fluoride. The conversion layer is
The second reaction then releases volatile species from the then spontaneously etched by a thermal fluorination reaction.
modified surface layer. > ALE can be performed using either An example of this mechanism is WO; ALE.'* The surface of
plasma or thermal methods."” Plasma ALE involves energetic WO, is converted to a B,O, layer by BCl. HF then

species that remove the modified surface layer." In contrast,
thermal ALE uses thermal reactions to remove the modified
surface layer.”’

A number of thermal ALE pathways have been developed in
recent years.” The first reported thermal ALE mechanism

spontaneously removes the B,O; layer.'*"* Similar conversion
mechanisms are also available for nitrides, such as TiN, where
the nitride surface is oxidized to form TiO,.'® HF can then

involved fluorination followed by ligand exchange.S_S In this Received: February 21, 2024 i
mechanism, fluorination is the surface modification step.’ Revised:  April 16, 2024

Ligand exchange is then used to form a volatile etch Accepted:  April 25, 2024

product.”~” This mechanism has been used to etch a variety Published: May 13, 2024

of metal oxides, including Al,O,>*'%'" Zr0,'""* and
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spontaneously etch the TiO, surface layer by forming a volatile
fluoride.'*"”

Conversion mechanisms can also be used to convert one
metal oxide into another metal oxide that can undergo
subsequent fluorination and ligand-exchange reactions.'®
Examples of this mechanism include ZnO and SiO,
ALE."”? In these conversion reactions, trimethylaluminum
(TMA) converts the surface to an Al,O; layer."”*’ The Al,O,
layer can then be removed by fluorination and ligand
exchange.10 This method can be extended to Si, SiGe, and
Si;N, ALE by adding an initial oxidation reaction.”' ™’

Elemental metals can also be etched by thermal ALE. These
methods typically involve changing the oxidation number of
the metal with oxygen or chloride reactants.""**™*’ The
resulting metal oxide or metal chloride can then be removed by
ligand-substitution or ligand-addition reactions.”*™>” For
example, Cu can be etched by first oxidizing the Cu surface
to form a copper oxide layer. The copper oxide layer can then
be removed by a ligand-substitution and hydrogen-transfer
reaction with Hhfac to form volatile Cu(hfac), and H,0.*

The thermal ALE of Ni was also demonstrated recently
using SO,Cl, to chlorinate the Ni surface to form NiCl,.>’
Exposure to PMe; then resulted in ligand addition with NiCl,
to form volatile NiCl,(PMe;), etch products.”” In related
work, a variety of group 10 metal chlorides, including NiCl,,
PdCl,, and PtCl, were spontaneously etched by ligand
addition with PMe; to form NiCl,(PMes),, PdClL,(PMe;),,
and PtCl,(PMe;), volatile products.”

Co ALE was also reported using SO,Cl, to chlorinate the Co
surface to form CoCl,. Exposure to tetramethylethylenedi-
amine (TMEDA) then led to the formation of volatile
CoClL,(TMEDA) etch products.”” The first-row metal oxides
Fe,0;, CoO, NiO, and ZnO were also shown to undergo a
similar chlorination and ligand-addition reaction using SO,Cl,
for chlorination and TMEDA for ligand addition. These
sequential reactions formed volatile MCL,(TMEDA) species.*

Gold is one of the most revered and valuable metals. Au is
used for interconnects, photocatalysts, and microelectrome-
chanical devices.”' ™** Au also has important applications in
photonics, chemical and biological sensing, and plas-
monics.>> ™%’ Despite the need for controlled Au film thickness,
there are only a few known Au atomic layer deposition (ALD)
processes. Two plasma Au ALD processes utilize either
hydrogen®® or oxygen® plasmas. One thermal Au ALD
process employs alternating Me,Au(S,CNEt,) and O,
reactants, where Oj; is used to combust the ligands of the Au
precursor.” A second thermal Au ALD process alternates
between AuCIPEt; as the Au-containing precursor and
(Me;Ge),DHP as a reducing agent.41 Another work shows
that a variety of volatile Au(I) precursors can be synthesized,
with Au ALD demonstrated using alternating Au(N(SiMe;),)-
(PEt;) as the Au-containing precursor and BH;(NHMe,) as a
reducing agent.42

In comparison to the few demonstrated Au ALD processes,
there are no reported thermal ALE processes. A thermal Au
ALE process could be used in conjunction with Au ALD to
obtain Au films with precise thicknesses control on 3D
structures. Metal ALD typically suffers from poor nucleation
on oxide surfaces.””* These nucleation difficulties lead to
island growth and initial surface roughness for ultrathin films."*
One solution is to overgrow the metal film and then etch back
to obtain a continuous and smooth ultrathin film.** This
deposit and etchback approach was recently illustrated using

5150

alternating Al,O; ALD and thermal Al,O; ALE to enhance the
yield of MIM capacitors using ultrathin Al,O; insulating
layers.*

In this work, Au thermal ALE was demonstrated using the
sequential reaction sequence shown in Figure 1. SO,Cl, was

SO,Cl, AuCl
(A) Au v
Au
SO,
AuCl PEt, Etched Thickness
(B)
Au Au
AuCIPEt;

Figure 1. Proposed mechanism for Au ALE using SO,Cl, for
chlorination and PEt; for ligand addition.

employed as a chlorination reactant to form AuCl
Triethylphosphine (PEt;) was then utilized as a ligand-
addition reactant to remove the AuCl and form AuCIPEt; as
the volatile product. This sequential reaction sequence was also
shown to be successful for etching Ni and Cu. These new
results demonstrate that chlorination and ligand addition is an
important mechanism for metal ALE. Many new applications
for metal ALE are expected based on chlorination and ligand-
addition reactions.

Il. EXPERIMENTAL SECTION

ILI. X-ray Diffraction (XRD) Studies. Grazing incidence X-ray
diffraction (GI-XRD) was performed on the gold film on the gold-
coated quartz crystal used for the QCM studies prior to the ALE
experiments. The GI-XRD scans were performed using a Bede D1
from Bruker with radiation from Cu Ka (4 = 1.540 A). The X-ray
tube filament voltage was 40 kV, and the current was 35 mA. The
incident angle used for GI-XRD was 0.8°.

Powder X-ray diffraction (PXRD) was also performed on Au
nanopowder samples used for the QMS studies before and after Au
ALE. A Bruker AXS D8 Advance A2S with Cu Ka radiation was used
for these studies. The X-ray tube filament voltage was 40 kV, and the
current was 40 mA. 26 scans were performed from 30 to 90° with a
step size of 0.0275°/step and a scan speed of 1 s/step. Particle size
analysis using the Sherrer equation was performed using the full width
at half-maximum of the diffraction peaks.

ILIl. Quartz Crystal Microbalance (QCM) Studies. The QCM
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 Ar gas was employed as the carrier and purge gas
using mass flow controllers (Type 11794, MKS). A mechanical pump
(Pascal 2015SD, Alcatel) was attached at the back of the reactor. The
reactor pressure with flowing Ar carrier gas was 1 Torr. This pressure
was measured by a capacitance manometer (Baratron 121A, MKS).

Each reagent was dosed into the constant stream of Ar carrier gas.
The chlorination precursor was sulfuryl chloride (SO,Cl, 97%,
Sigma-Aldrich). The pressure transients during the SO,Cl, exposures
were 100 mTorr, as defined by a metering valve (SS-4BMG,
Swagelok). The ligand-addition precursor was triethylphosphine
(PEt;, 99%, Sigma-Aldrich). Pressure transients were ~10 mTorr
for PEt; exposures without a metering valve. Thermal ALE
experiments were performed with an exposure of 1 s for both
precursors (SO,Cl, and PEt;). The Ar purge was 1000 s following
each SO,Cl, and PEt; exposure.

The quartz crystals used for the QCM studies (polished, RC cut, 6
MHz, Phillip Technologies) were coated with ~5000 A of gold

https://doi.org/10.1021/acs.chemmater.4c00485
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deposited by electron beam deposition on top of a ~200 A chromium
metal adhesion layer. The gold-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
the isothermal region of the reactor.

A constant Ar gas flow on the back of the QCM was used to
prevent interaction of precursors with the backside of the QCM
crystal.*® The changes in 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 gold-coated crystal was maintained in the reactor at temperature
to equilibrate for at least 4 h before starting experiments.

Additional QCM experiments on Cu were performed with Cu
QCM samples. On top of the Au-coated RC cut QCM samples, an
additional 200 A of Cr was deposited to act as a diffusion barrier.
Subsequently, 2000 A of Cu was deposited on top of the Cr film. Both
the Cr and Cu were deposited by thermal evaporation. There was no
vacuum break between the Cr and Cu deposition.

ILIII. Transmission Electron Microscopy (TEM) Studies. TEM
images of Au nanoparticles were collected on a Tecnai ST20 200 kV
TEM with a LaBg electron gun and a 2k X 2k BM-Orius CCD camera.
Dilute Au nanopowder samples were prepared by placing a small
amount of powder in ~S mL of isopropanol and sonicating for 30
min. This solution was dropped on a 200 mesh Cu TEM grid (CF-
200-Cu, Electron Microscopy Services). Image] software was used to
process the images.*’

ILIV. Quadrupole Mass Spectrometry (QMS) Studies. QMS
studies were performed in a reactor that has been used previously to
investigate volatile etch products during ALE.>® This reactor includes
two nested gas inlet lines that meet just before the powder bed. This
geometry minimizes cross-contamination in the chamber foreline.
The reactor was designed to allow etch products to expand into
vacuum and form a molecular beam.® The beam then passes through
a skimmer and flows into a differentially pumped region with a line of
sight to the QMS ionizer to maximize sensitivity.® A detailed
description of the reactor can be found in previous publications.**

The nanopowders used in these QMS experiments were Au (<100
nm particle size, 99.9% trace metals basis, Sigma), Cu (70 nm, 99.9%,
metal basis, US-Nano), and Ni (<150 pm, 99.99% metals basis,
Sigma). Powder masses were weighed before and after exposure to the
ALE reactants to determine material loss. Typical initial powder
masses loaded into the sample holder were between 32 and 79 mg.
Etch rates cannot be directly determined from QMS experiments on
powders due to the range of particle sizes and shapes. However, mass
loss is a sign of material removal.

During these experiments, the combined ultrahigh purity N, gas
from the two reactant channels flowed through the metal powder at a
rate of 5.3 sccm. This N, gas flow produced a pressure of 2.7 Torr in
the sample holder. The N, gas served as both a carrier and purge gas.
The partial pressure of SO,Cl, (97%, Sigma) and triethylphosphine
(99%, STREM) flowing through the metal powder was ~2.6 Torr.
Sulfuryl chloride is toxic, corrosive, a lachrymator, and releases HCI
upon contact with water. Triethylphosphine is pyrophoric. Each
precursor was loaded under inert atmosphere before connection to
the reactor manifold.

Experiments were conducted with 120 s exposures of each
precursor gas. A purge time of 600 s was employed after each
precursor exposure to allow N, gas to purge the powder bed. The
temperature of the powder bed was 150 °C. A sequence of one PEt;
exposure, followed by three cycles of sequential SO,Cl, and PEt;
exposures were performed on the Au, Cu, and Ni powders. Separate
experiments on Au powders were performed using PXRD, TEM, and
X-ray photoelectron spectroscopy (XPS) analysis after seven cycles of
sequential SO,Cl, and PEt; exposures.

Two other separate experiments for XPS analysis were performed
using seven sequential SO,Cl, and PEt; exposures followed by one
final SO,Cl, exposure. Another experiment was conducted, where
seven consecutive exposures of SO,Cl, were performed on the Au
powder. In all of these experiments, the temperature and dosing
sequence were identical. A sequence of one PEt; exposure, followed

by two cycles of sequential SO,Cl, and PEt; exposures was performed
on the Cu powders. These experiments on the Cu nanopowder
clogged the sample holder after two cycles of sequential SO,Cl, and
PEt; exposures.

The isotopic distributions of the volatile etch products were
calculated from the naturally occurring isotopic abundances of the
compound. For example, for Cu,CL(PEt;),, both isotopes of Cu
(3Cu, *Cu), both isotopes of Cl (**Cl, ¥’Cl), and both isotopes of C
("*C, 3C) were used to generate the expected isotopic patterns in the
QMS scans based on natural isotopic abundances. The expected
relative abundances for all of the volatile etch products were
calculated for each m/z value. QMS scans were conducted with an
m/z range from 2 to 500 with 1 s per scan.

ILV. XPS Studies. XPS was performed on Au nanopowder
samples using a PHI 5600 instrument. A monochromatic Al Ka
source (1486.6 eV) was used to collect survey scans with a pass
energy of 93.9 eV and a step size of 0.4 eV/step. Higher resolution
scans were performed on the Au 4f region using a pass energy of 2.95
eV and a step size of 0.025 eV/step. The dwell times for both the
survey scans and the high-resolution scans were SO ms/step. All
spectra were referenced to the adventitious carbon peak centered at
285 eV. The XPS data were collected using Auger Scan (RBD
Instruments) software and analyzed using CasaXPS.

ILVI. Theoretical Methods. Single point energies, geometry
optimizations, and frequency calculations were performed with
Gaussian 16.* Each relevant species was optimized with UB3LYP/
sdd before high-accuracy energies were calculated at the UCCSD/sdd
level of theory.”™** Following established methods of statistical
mechanics, these values were used to calculate the change in Gibbs
free energy for the proposed reactions.” To best represent
experiments, these calculations were performed at 150 °C.

This methodology makes a molecular approximation that is
reasonable for molecular solids such as metal chlorides and ligated
products. However, the metal powders used in the first experimental
step are poorly represented with this approximation. Consequently,
the application of SO,Cl, to pure metals was omitted from theoretical
study in this work.

lll. RESULTS AND DISCUSSION

lll.l. QCM Experiments. QCM studies were performed on
Au-coated quartz crystal samples at 125 and 150 °C to confirm
material loss resulting from alternating SO,Cl, and PEt;,
exposures. Figure 2 shows an X-ray diffraction pattern for
the Au film on the QCM sensor. Peaks for cubic Au (COD
card number 00-901-3035) and a-quartz (COD card number
00-101-1176) matched the peaks in Figure 2. The peak at 20 =

400 (200) (220)
350
| Cubic Gold (311)

— 300 a-Quartz
gizso 1 hCr
% 200 (1) )
S (312)
E (104)

60 70 80
26 (°)

Figure 2. XRD scan of initial gold film on a-quartz QCM substrate.
Diffraction peaks are consistent with cubic crystalline gold.
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61.5° is likely attributed to the Cr metal adhesion layer
between the Au coating and the quartz crystal. Possible
candidates are Cr(312) (COD card number 00-901-4261) or
possibly CrO4(331) (COD card number 00-153-9922).
Figure 3a shows QCM results for 30 cycles of Au ALE using
alternating SO,Cl, and PEt; exposures at 125 °C. The pulse

;
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Figure 3. (a) QCM mass change versus time during sequential
SO,Cl, and PEt; exposures during Au ALE at 125 °C. Etch rate is
0.46 A/cycle using the cubic gold density of 19.32 g/cm3. (b)
Expanded view of QCM mass change over three cycles of Au ALE in
panel (a).

sequence was (1, 1000, 1, 1000), where the SO,Cl, and PEt,
exposures are both 1 s and the Ar purge times following each
reactant exposure are both 1000 s. The Au etching begins
immediately with the first Au ALE cycle with no etch delay.
The mass decreases linearly with time during the sequential
SO,Cl, and PEt exposures. The etch rate is 88.5 ng/cm?®/
cycle. This etch rate is equivalent to 0.46 A/cycle based on the
Au density of 19.32 g/cm’.

Figure 3b shows an expanded view of three Au ALE cycles
from the QCM results in Figure 3a. There is a mass increase
during each SO,Cl, exposure. This mass increase is consistent
with SO,Cl, adding CI to the Au surface to form AuCl, as
shown in Figure 1. In contrast, there is a mass decrease during
each PEt; exposure. This mass decrease is consistent with the
removal of the gold by ligand addition, as shown in Figure 1.
The proposed reactions during Au ALE are

(A)2Au + SO,Cl,(g) — 2AuCl + SO,(g) (1)

(B)AuCl + PEty(g) — AuCIPEt,(g) (2)

During each SO,Cl, exposure, the initial mass increase is
followed by a slow mass decrease during each purge step. This
behavior indicates that the chlorinated gold is unstable,
possibly reducing after the initial gold chloride formation. At
the beginning of each PEt; exposure, a mass gain can be
observed that is followed quickly by a large mass loss. This
behavior is consistent with the initial adsorption of PEt; onto
the chlorinated Au surface. The initial adsorption is followed
by the rapid release of volatile gold etch products. In addition,
a gradual mass loss occurs after the PEt; exposures. This
gradual mass loss is consistent with the slow desorption of the
etch products after the PEt; exposure.

QCM results for 30 cycles of Au ALE using alternating
SO,Cl, and PEt; exposures at 150 °C are displayed in Figure
4a. Similar to the results at 125 °C in Figure 3a, the Au etching

0.63 AJcycle

-1500
-2000 -
25004 150°C
3000 30 Cycles
3500 SO,Cl, - PEt,
0 10 20 30 40 50 60

QCM Mass Change (ng/cm?

S0,Cl, - PEt,
2700 1— . : T : .
40 41 42 43 44 45 46

Time (103 s)

Figure 4. (a) QCM mass change versus time during sequential
SO,Cl, and PEt; exposures during Au ALE at 150 °C. Etch rate is
0.63 A/cycle. (b) Expanded view of QCM mass change over three
cycles of Au ALE in panel (a).

begins immediately, with no etch delay. The mass decreases
linearly with time during the sequential SO,Cl, and PEt,
exposures with an etch rate of 121.3 ng/cm?/cycle. This etch
rate is equivalent to 0.63 A/cycle based on the Au density of
19.32 g/cm’.

Figure 4b shows an expanded view of three Au ALE cycles
from the QCM results at 150 °C in Figure 4a. Similar to the
results in Figure 3b, there is a mass increase during each
SO,Cl, exposure and a mass decrease during each PEt;,
exposure. At the higher etch temperature of 150 °C, the
gradual mass changes after the SO,Cl, and PEt; exposures are
smaller. The etch products desorb more quickly after the
reactant exposures at this higher temperature.

At least five separate experiments were performed for Au
ALE at each temperature over seven QCM units. The average
etch rates were 1.54 + 0.38, 0.36 + 0.30, 0.71 + 0.56, 0.44 +
0.16, and 0.88 + 0.76 A/cycle at 75, 100, 125, 150, and 175
°C, respectively. The error bars reflect the standard deviation
in the etch rates determined for each experiment. These
variations can be partially attributed to the experimental order
and different QCM units. The large average etch rate at 75 °C
is not understood at this time. The most consistent QCM
results were observed at 150 °C. Consequently, 150 °C was
chosen as the temperature for QMS studies and calculations.

liLIl. TEM and PXRD Experiments. To confirm the
proposed reaction mechanism shown in Figure 1, QMS studies
were performed during sequential exposures of SO,Cl, and
PEt; on Au nanopowder at 150 °C. This Au nanopowder was
characterized before and after ALE experiments in the QMS
reactor. Figure Sa shows a TEM image of an initial Au
nanoparticle. Figure 5b displays a TEM image of an Au
nanoparticle after exposure to 7 AB cycles of SO,Cl, and PEt;
at 150 °C. The Au nanoparticles were highly agglomerated,
and particles on the edge of these agglomerates were used for
TEM analysis.

Analysis of low magnification TEM images revealed an
average agglomerate diameter of 334 nm. Crystalline
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(b) After ALE

Figure S. TEM images of Au nanoparticles: (a) as received and (b) after 7 Au ALE cycles at 150 °C. Au nanoparticles are crystalline, with a smooth

surface that is not roughened after Au ALE chemistry.

diffraction fringes were observed for Au nanoparticles shown in
Figure Sa before ALE and in Figure Sb after ALE. These
diffraction fringes are consistent with a crystalline Au sample.
All of the edges of the nanoparticles were rounded before and
after ALE. This observation indicates that the effect of
crystallinity on the resulting shape of the Au nanoparticles
after ALE is minimal.

PXRD was also employed to verify the crystallinity of the Au
nanopowder before and after ALE. PXRD patterns are shown
in Figure 6a,b for the Au nanopowder before and after 7 AB

width was narrower and the average particle size increased to
65.49 nm. The Au ALE may be producing a sintering effect by
redistributing Au from the small nanoparticles to the larger
nanoparticles. Au redistribution could occur by the reverse of
the reaction in eq 2. The resulting AuCl surface species would
then need to undergo disproportionation and AuCl;
desorption, as discussed in Section IILIV.

lILIII. QMS Investigations. QMS experiments were
performed to determine the volatile products during Au
ALE. Figure 7 shows the mass spectrum during a PEt;

—_ (Ia) Gbld, As Received | ]
- (b) After ALE with SO,CI,/PEt;

(111

(200)

Intensity (arb. units)

—
70

2 Theta (degrees)

40 50 60

Figure 6. PXRD scans for (a) as-received Au nanopowder and (b) Au
nanopowder after 7 Au ALE cycles at 150 °C. Intensities were
normalized to the (111) peak.

cycles of Au ALE chemistry using SO,Cl, and PEt; at 150 °C,
respectively. Both samples display peaks consistent with highly
crystalline cubic Au. The PXRD pattern matches the
diffraction pattern of the Au film used for QCM experiments
shown in Figure 2.

The as-received Au nanopowder had an average particle size
of 21.66 nm based on the diffraction peak width using the
Scherrer equation. After the 7 ALE cycles, the diffraction peak
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Figure 7. QMS results showing ion signal intensities after ligand
addition between PEt; and SO,Cl,-chlorinated Au nanopowders at
150 °C.

exposure on Au nanopowder after SO,Cl, chlorination at
150 °C. The major volatile etch species is AuCIPEt;, which
ionizes to produce the AuCIPEt;" ion species at m/z 350. The
main ion intensity from the electron impact ionization of
AuCIPEt, is the AuPEt;" ion species at m/z 318.

Figure 7 also reveals additional cracking fragments from the
electron impact ionization of AuCIPEt;. AuPEt," and AuPEt"
are observed at m/z 286 and 258, respectively. Au® is also
detected at m/z 197. Another minor peak assigned to

https://doi.org/10.1021/acs.chemmater.4c00485
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Au(PEt,)," is observed at m/z 433. However, AuCI(PEt,)," at
m/z 468 was not observed as a possible parent of Au(PEt;),".
No Au-containing etch products were observed during PEt;
exposures prior to SO,Cl, chlorination of the Au nanopowder.
These results indicate that chlorination is necessary to produce
volatile Au-containing species.

Figure 8 shows an expansion of the mass spectrum for m/z
348—355 containing the AuCIPEt;" ion intensity during PEt,

10
PEt; on Chlorinated Au
150°C
8 4
AuCIPEt,*
; Experiment ==
E 6 Calculated
< Et
= Et | Et
2 N
o P
E LN ]
= Au
21 |
Cl
0 y T T v T g T v T y T
348 349 350 351 352 353 354 355
m/z

Figure 8. Ion intensities for AuCIPEt;* during PEt; exposure to
SO,Cl,-chlorinated Au nanopowders at 150 °C.

exposure on chlorinated Au nanopowder from Figure 7.
Because Au and P have only one isotope, the isotopic signature
of AuCIPEt;" is determined predominately by the **Cl and
37Cl isotopes. There are only minor contributions from the '*C
and "C isotopes in PEt;. Figure 8 shows excellent agreement
between the experimental QMS results and calculated
intensities based on the natural isotopic abundances. The
largest peak at m/z 350 is assigned to Au**CIPEt;". The second
largest peak at m/z 352 is assigned to Au’’CIPEt;".

The identification of the AuCIPEt; etch product is
consistent with previously observed Au compounds. AuCIPEt;,
has been used as an Au ALD precursor with a reported thermal
stability up to 180 °C.*' AuCIPEt, is consistent with the
reaction given in eq 2 and shown in the Au ALE mechanism in
Figure 1. This reaction is thermochemically favorable, with a
free energy change of AG = —53.8 kcal/mol at 150 °C.

Time-resolved QMS ion signal intensities can also provide
useful information on the mechanism of Au ALE. Figure 9
shows the time-resolved ion intensities for PEt;*, AuPEt,",
SO,CLY, and SO," during three alternating PEt; and SO,Cl,
exposures on fresh Au nanopowder at 150 °C. AuPEt;" is the
largest ion intensity from the electron impact dissociation of
AuCIPEt; and is a proxy for the AuCIPEt; etch product. One
PEt; dose was performed prior to the alternating exposures of
SO,Cl, and PEt;. At t = 3 min, Figure 9 reveals that no
AuPEt;" ion intensity is observed during PEt; exposure prior to
chlorination. This behavior confirms that chlorination is
necessary to volatilize Au-containing species.

Some AuPEt;" ion intensity is briefly observed at t = 14 min
at the beginning of the first SO,Cl, dose. This AuPEt;" ion
intensity provides evidence that PEt; was adsorbed on the
surface of the Au powder. Chlorination by SO,Cl, then
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Figure 9. Time-dependent ion intensities for PEt;", AuPEt;,
SO,CL", and SO," during three alternating PEt; and SO,Cl,
exposures on fresh Au nanoparticles at 150 °C.

enabled volatilization of some AuCIPEt;. However, the
appearance of the AuPEt;" ion intensity was reduced rapidly
within 3 s of the SO,Cl, exposure. The time-resolved signal
intensities of SO," and SO,ClL," are also complementary. The
SO," ion intensity at m/z 64 peaks at early times and the
SO,Cl," ion intensity at m/z 134 is the largest at the end of the
S0,Cl, dose. This behavior is evidence of SO,Cl, reacting with
Au to form AuCl and releasing SO,.

A large signal for the AuCIPEt; etch product, as indicated by
the AuPEt;" ion intensity at m/z 318, is observed during the
first PEt; dose after chlorination. This signal increases at the
beginning of the PEt; dose and decreases slowly over the
course of the PEt; dose. The AuPEt;" ion intensity also slowly
decreases after the PEt; dose. The AuPEt;" ion intensity does
not reach background levels during the 600 s purge after each
PEt; dose. This behavior suggests that the desorption of
AuCIPEt; is slow.

The sample is again exposed to another SO,Cl, dose at t =
38 min. The AuPEt;" ion signal rises and falls quickly, similar
to the behavior on the first SO,Cl, dose. This behavior
suggests that residual PEt; on the surface of the Au powder is
removed by SO,Cl,. This spike in intensity at the beginning of
each SO,Cl, dose also coincides with a spike of PEt;Cl* ion
intensity at m/z 153. This observation may be evidence of
direct chlorination of residual PEt; on the Au surface. The
rapid removal of PEt; surface species is consistent with the
spike observed for the AuPEt;" ion signal.

The sample is then exposed to the third PEt; dose at t = 50
min. The response to this PEt; dose is similar to the second
PEt; dose at t = 26 min. The PEt; dose again yields AuCIPEt;
etch product, as monitored by the AuPEt;" ion signal. Finally,
the third SO,Cl, dose at ¢ = 62 min generates a response
similar to the second SO,CIl, dose at { = 38 min.

lILIV. XPS Experiments. XPS was used to investigate the
Au surface of the Au nanopowders after different stages during
Au ALE. Figure 10 shows the XPS spectra in the Au 4f region
of four Au nanopowder samples. Figure 10a shows the as-
received Au nanopowders. Figure 10b displays the Au
nanopowders after exposure to 7 Au ALE cycles using
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Figure 10. XPS spectra of the Au 4f region: (a) as-received Au
nanopowder; (b) after Au nanopowder was exposed to 7 ALE cycles
using sequential SO,Cl, and PEt; exposures at 150 °C; (c) after Au
nanopowder was exposed to 7 ALE cycles using sequential SO,Cl,
and PEt; exposures at 150 °C and ending with one additional SO,Cl,
exposure; and (d) after Au nanopowder was exposed to 7 SO,ClL,
exposures at 150 °C.

sequential SO,Cl, and PEt; exposures at 150 °C. Figure 10c
shows the Au nanopowders after exposure to 7 Au ALE cycles
at 150 °C and ending with one additional SO,Cl, exposure.
Figure 10d displays the Au nanopowders after exposure to 7
consecutive SO,Cl, exposures at 150 °C.

The Au 4f,, peak for metallic Au® has a binding energy of
83.9 eV.*>> The major Au 4f,, peak for all four samples in
Figure 10 have binding energies between 83.85 and 84.13 eV.
These binding energies are consistent with predominantly Au’
for all of the samples. The Au nanopowder sample exposed to
the Au ALE chemistry and ending with a PEt; exposure has a
shoulder at higher binding energies >84 eV. The shoulder
extends to binding energies up to 86 eV. This binding energy
shift is consistent with Au'* because Au'* has a higher binding
energy than Au’ by +2.3 eV.>° The most likely candidate
species for this Au'* shoulder is AuCIPEt;. The reported Au
4f,, binding energy for AuCIPEt; is 85.2 eV.”’

The higher binding energy shoulder is not observed for the
other three samples in Figure 10. Observing Au’ on samples
exposed to Au ALE chemistry and ending with SO,Cl, and on
samples exposed only to SO,Cl, indicates that Au chlorides
formed on the Au surface may not be thermally stable. AuCl,
may quickly decompose to AuCl + Cl,. AuCl surface species
may undergo a disproportionation according to>*>”

3AuCl — AuCl; + 2Au

The AuCl;y may then desorb as Au,Clg at 150 °C.%°

lll.V. Experiments on Cu and Ni Etching. Cu and Ni-
containing etch products were also detected while conducting
the QMS experiments on Au ALE. For example, additional
minor species are present in Figure 7 during the QMS
experiments for PEt; doses on chlorinated Au powder. The
peaks at m/z 334, 299, and 216 were assigned to CuCl-
(PEty),", Cu(PEt;),", and CuClIPEt,", respectively. The peaks
centered at m/z 366 were assigned to NiCl,(PEt;),. These Cu
and Ni species were attributed to the etching of copper

()
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ConFlat gaskets and nickel-containing stainless steel in the
reactor by the sequential SO,Cl, and PEt; exposures. The
detection of these peaks motivated separate experiments on Cu
and Ni etching at 150 °C to establish the generality of the
chlorination and ligand-addition mechanism for metal thermal
ALE.

A QMS experiment on Cu metal powder was conducted
under the same conditions as for Au ALE. After chlorination,
the mass spectrum showed Cu,ClL(PEt;)," dimer species
centered at m/z 434. Smaller fragments resulting from electron
impact ionization of the Cu,Cl,(PEt;), dimer species were also
monitored for Cu,CI(PEt;),* at m/z 397 and for CuCl-
(PEt;)," at m/z 334. Fragmentation of the Cu,CL(PEt;),
dimer or the CuCIPEt; monomer also led to the observation of
Cu(PEt;)," at m/z 299, CuCIPEt;" at m/z 216, and
Cu(PEt;)," at m/z 181.

Figure 11 shows an expanded view of the ion intensities for
Cu,Cl,(PEt;),". The experimental measurement is in good

25
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2.0 Et cl Et
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Figure 11. Ion intensities for Cu,CL,(PEt;)," during PEt; exposure to
S0O,Cl,-chlorinated Cu nanopowder at 150 °C.

agreement with the calculated signal based on the natural
abundance of the isotopes. The largest intensity peak is
attributed to a combination of **Cu,*CI*’CI(PEt;), and
BCuSCu*Cl,(PEL,;), at m/z 434. The second largest peak is
attributed to ®*Cu,CL(PEt;), at m/z 432. Other peaks are
defined by the isotopes of Cu, Cl, and '>C and *C in the Et
groups of PEt;.

The observation of the Cu,Cl,(PEt;), dimer is consistent
with the reaction:

2CuCl + 2PEt; — Cu,Cl,(PEt;), (4)

This reaction is thermochemically favorable with a free energy
change of AG = —147.0 kcal/mol at 150 °C. This free energy
change is equivalent to AG = —73.5 kcal/mol per Cu atom.
The free energy change for the corresponding monomer
product, CuCIPEt;, was also calculated based on the reaction

CuCl + PEt; — CuCIPEt, (5)
This reaction is thermochemically favorable with a free energy

change of AG = —41.8 kcal/mol at 150 °C. Based on the larger
free energy change per Cu atom for the dimer species, the etch

https://doi.org/10.1021/acs.chemmater.4c00485
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product should favor the dimer species in agreement with the
experimental observations.

The structure of the Cu,CL(PEt;), dimer species likely
involves bridging chlorines between the Cu atoms. Crystallo-
graphic studies of Cu,Cl,(PPh;),(4,4 -bipyridine) reported a
structure where two chlorine atoms bridge the two Cu
atoms.’’ Additionally, electron diffraction studies of volatile
Cu;Cly clusters also report a structure where each CI bridges
between two Cu atoms.”

Additional QCM experiments also demonstrated that
sequential SO,Cl, and PEt; exposures can etch Cu thin
films. For these Cu ALE experiments, the QCM sample was
coated with 2000 A of Cu metal deposited by thermal
evaporation. The Cu was deposited on top of a 200 A Cr
diftusion barrier layer on the underlying Au-coated RC cut
QCM sample. GI-XRD was performed on the Cu QCM
samples. XRD peaks were observed at 20 = 43.3, 50.5, and
74.2°, consistent with the (111), (200), and (220) planes,
respectively, of cubic copper (COD card number 00-410-
5681). Other experiments of Cu etching with Cu deposited
directly on Au with no Cr diffusion barrier were inconsistent
because of alloying between Au and Cu.

Figure 12 shows the QCM results for a Cu film exposed to
30 cycles of alternating SO,Cl, and PEt; exposures at 100 °C.
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Figure 12. (a) QCM mass change versus time during sequential
SO,Cl, and PEt; exposures during Cu ALE at 100 °C. Etch rate is
2.46 A/cycle using a copper density of 8.96 g/cm’.

This experiment for Cu ALE used the same dosing and purge
sequence as the previous experiments for Au ALE. The QCM
results are consistent with a mass loss of 220.2 ng/(cm? cycle)
or an etch rate of 2.46 A/cycle. Cu ALE was observed at
temperatures between 75 and 175 °C. The most consistent
etching temperature for the Cu ALE experiments was 100 °C.
During the QMS experiments, trace cracks of the Cu etch
product at m/z 216 attributed to CuCI(PEt;)* were observed
at temperatures as low as 100 °C, in agreement with the QCM
experiments.

QMS experiments were also performed on Ni nanopowder
to determine the identity of the Ni etch product. Figure 13
shows the mass spectrum of NiCL,(PEt;)," ion signal during a
PEt; exposure on SO,Cl,-chlorinated Ni at 150 °C. The as-
received Ni nanopowder sample was confirmed through PXRD
to be cubic Ni (COD card number 00-151-2526). Compared
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Figure 13. Ion intensity for NiCl,(PEt;),* during PEt; exposure to
SO,Cl,-chlorinated Ni nanopowder at 150 °C.

with the earlier results in Figure 7, the signal intensity at m/z
366 in Figure 13 increased 10-fold under identical reaction
conditions. The peak at m/z 366 increased in intensity from
~1 mV in Figure 7 to ~10 mV in Figure 13.

The largest ion intensity at m/z 366 is attributed to a
combination of “Ni**Cl,(PEt;), and **Ni**CI*’CI(PEt,),. The
second largest ion intensity is consistent with **Ni**Cl,(PEt;),
at m/z 364. The third largest ion intensity at m/z 368 is
attributed to a combination of S°Ni*CI¥’CI(PEt;),,
$8Ni*’Cl,(PEt;),, and ®Ni**Cl,(PEt;),. Other cracks are
explained by different numbers of >C and "*C in the ethyl
groups of PEt;.

The observation of NiCL(PEt;), is consistent with the
reaction

NiCl, + 2PEt; — NiCl,(PEt;), (6)

This reaction is thermochemically favorable with a free energy
change of AG = —88.6 kcal/mol at 150 °C. The large free
energy change is consistent with the experimental observation
of trace NiCl,(PEt;), above noise levels during all experiments
resulting from chlorinated Ni in the Type 304 stainless steel
chamber. The proposed structure of NiCl,(PEt;), shown in
Figure 13 is similar to the previously reported NiCl,(PMe;),
volatile species from the reaction of NiCl, with PMe,.*’
NiCL(PEt;), is also reported as a Ni ALD precursor with a
melting point of ~90 °C.%*

IV. CONCLUSIONS

Gold thermal ALE was demonstrated using sequential
chlorination and ligand-addition reactions at temperatures
from 75 to 175 °C. SO,Cl, was employed during the
chlorination reaction to modify the gold surface. PEt; was
used during the volatile release reaction to yield gold etch
products. The most reliable etch rate measured by QCM
experiments was 0.44 + 0.16 A/cycle at 150 °C. QMS studies
identified the volatile Au-containing etch product as AuCIPEt;
at 150 °C.

The QCM studies revealed the mechanism for Au ALE
during the sequential SO,Cl, and PEt; exposures. The mass
increased with each SO,Cl, exposure as expected during
chlorination, consistent with the formation of AuCl. Each PEt;
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exposure yielded a mass reduction. This mass reduction was
consistent with the volatilization of Au-containing species
resulting from ligand addition to the AuCl surface species.

QMS also monitored the time dependence of the
chlorination and the ligand-addition reaction. The SO," ion
intensity peaked before the SO,CL," ion intensity, consistent
with SO,Cl, chlorinating Au to produce SO,. The AuCIPEt;
etch product intensity also peaked at the beginning of PEt,
doses after SO,Cl, exposures. The slow decay of the AuPEt;"
ion intensity was consistent with slow desorption of the Au-
containing etch product. XPS of the powder samples after ALE
showed evidence that AuCIPEt; exists on the surface of the Au
powder when Au ALE ends with the PEt; exposure. In
contrast, ending the ALE dosing sequence with SO,Cl, forms a
gold chloride that may decompose to form metallic gold on the
surface via AuCl disproportionation.

Au nanopowder was also analyzed with TEM before and
after exposure to the Au ALE chemistry. The TEM images
revealed crystalline Au nanoparticles with no evidence of
crystalline faceting at the edges of the particles after Au ALE.
PXRD confirmed that the powder samples were cubic
crystalline gold. The diffraction peaks narrowed after Au
ALE, consistent with an increase in average particle size. A
sintering effect may occur resulting from redeposition of AuCl
from AuCIPEt; followed by AuCl disproportionation.

QMS also identified Cu,CL,(PEt;), and NiCl,(PEt;), etch
products from Cu and Ni nanopowders, respectively,
concurrent with PEt3 exposures during alternating SO,Cl,
and PEt; exposures. QCM studies also monitored Cu ALE
using sequential SO,Cl, and PEt; exposures and measured an
etch rate of 2.46 A/cycle at 100 °C. Thermodynamic
calculations demonstrated the favorability of PEt; ligand
addition to metal chlorides of Au, Cu, and Ni. The calculations
were also consistent with the preferred formation of the dimer,
Cu,CL(PEt;),, instead of the monomer, CuCIPEt;.

This study demonstrated that sequential chlorination and
ligand-addition reactions using SO,Cl, and PEt; can provide a
useful pathway for the thermal ALE of Au, Cu, and Ni metals.
This chemistry could be paired with Au ALD to deposit and
tune the thickness of Au films and tailor Au nanostructures for
plasmonic and photonic applications. This chemistry could
also provide a useful pathway for the thermal ALE of other
metals with nonvolatile chlorides.
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