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ABSTRACT: The atomic layer etching (ALE) of Al,O; was demonstrated using Fluorination A, Ligand
sequential HF and BCl; exposures. BCl; is a new precursor for thermal AL,O; ALE Exchange
that can provide pathways for both ligand-exchange and conversion etching ’ \
mechanisms. Fourier transfer infrared (FTIR) spectroscopy was utilized to observe ALO

the growth of A,O; ALD films using Al(CH,); (trimethylaluminum) and H,O and N B,0, ’
the subsequent etching of the Al,O; ALD films using HF and BCl;. To confirm the Conversion Spontaneous
conversion reaction, FTIR difference spectra revealed that initial BCl; exposures on Etch

the Al,O; ALD film converted the Al,Oj; surface to a B,O; layer. Surprisingly, larger

BCl, exposures on the B,0; layer could also etch the B,O; layer. Quadrupole mass spectrometry (QMS) measurements revealed
that BCl; produced ion intensities for AICl;* from AlCl; during the conversion of the Al,O; surface to a B,O; layer. Concurrently,
the BCl; also etched the converted B,O; layer and ion intensities for B;O;Cl;* were observed from B;O0;Cl; boroxine rings. After the
conversion of the Al,O; surface to a B,O; layer, the initial HF exposure then removed the B,O; layer and fluorinated the underlying
Al,O; film. Following the initial BCl; and HF exposures, the FTIR difference spectra showed that Al,O; ALE proceeded primarily by
a reaction pathway where HF fluorinates the Al,O; and then BCl; removes the surface fluoride layer by a ligand-exchange reaction.
However, there was still evidence for some conversion of Al,O; to a B,O; layer during the subsequent BCl; exposures and then
removal of the B,Oj; layer by the HF exposures. Spectroscopic ellipsometry measurements determined the etch rates during thermal
AL O, ALE during sequential HF and BCl; exposures. The etch rates were 0.03, 0.31, 0.65, and 0.92 A/cycle at temperatures of 230,
255, 280, and 290 °C, respectively. QMS analysis also investigated the volatile etch products during the sequential HF and BCl;
exposures on Al,O; at 270 °C. During the BCl; exposures after the initial cycle, the QMS measurements observed ion intensities for
BFCL," and AICL,". BFCl, was the major ligand-exchange product, and AICl; was the main metal chloride etching product. In
addition, small ion intensities for B;O;Cl;" were also present from the conversion of Al,O; to B,0; and subsequent etching of B,O;
by BClI; to yield boroxine ring products. These results indicate that thermal Al,O; ALE using sequential HF and BCl; exposures
occurs by combined ligand-exchange and conversion mechanisms.

Etched Layer

1. INTRODUCTION fluoride layer. The surface fluoride layer can then be removed
by various gaseous precursors through ligand-exchange
reactions.”® Other mechanisms for thermal ALE can be
based on conversion reactions where the initial surface is
converted to a different material that has accessible pathways
for etching.”~'* Conversion mechanisms are important for the
thermal ALE of Si-based materials and some metals and metal
oxides.”'”'*'* Other mechanisms for the thermal ALE of
metals involve either oxidation or halogenation followed by
ligand substitution/hydrogen transfer or ligand-addition
reactions.'>"®

Atomic layer etching (ALE) is a technique that can remove
Angstrom-level amounts of material using sequential surface
reactions.””” ALE can be performed using either plasma ALE or
thermal ALE.' ™ Both types of ALE utilize sequential surface
modification and volatile release steps.' > In plasma ALE, the
volatile release is provided by energetic ions or neutral atoms
through sputtering of the surface modified layer.” The
sputtering can produce directional, anisotropic etching. In
thermal ALE, the volatile release occurs during a chemical
reaction between a gaseous reactant and the surface modified
layer.”” This gas/surface reaction is not directional and

thermal ALE leads to isotropic etching. Received:  April 12, 2022 B
The thermal ALE of a variety of oxide and nitride materials Revised:  June 21, 2022 .-%ﬁ‘w
can be performed using sequential fluorination and ligand- Published: July 11, 2022 O8N
exchange reactions."””* The surface is first fluorinated with a R | Sy
fluorination agent such as HF, SF, or XeFZ.S_7 This =

fluorination changes the oxide or nitride surface to a surface
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The first reported thermal ALE process was Al,O; ALE
based on sequential HF and Sn(acac), exposures.'” HF
fluorinated the AlL,O; surface, and then Sn(acac), reacted
with the fluorinated Al,O; surface by ligand exchange to
produce volatile Al complexes.'”*’ These volatile Al complexes
were believed to be Al(acac);.'””” Subsequent thermal ALO;,
ALE processes were defined using HF for fluorination and
different reactants for ligand exchange. Two prominent ligand-
exchange precursors have been AI(CH;); and
AICI(CH;),.”*' 7" Mass spectrometry studies have identified
the main ligand-exchange products from the Al(CH,); reactant
as AIF(CH;), with either itself or AI(CH;); in dimers or
trimers.”*” Thermal ALO; ALE has also been developed using
SF, for fluorination and Sn(acac), for ligand exchange.” Other
approaches for thermal Al,O; ALE include NbF; for
fluorination and CCl, for ligand exchange.”® Hybrid plasma/
thermal Al,O; ALE processes have also been defined using SFq
plasma for fluorination and Al(CHj), for ligand exchange.*

Although all the ligand-exchange precursors for thermal
AlL,O; ALE discussed above may etch Al,O;, they may not all
etch other materials. These etching differences can lead to
selectivity in thermal ALE.”® One of the important goals for
thermal ALE is to etch one material selectively in the presence
of other different materials.*® This goal is known as the
“multiple color” challenge.’® In the “multiple color” challenge,
one etching process is desired to remove the “red” material and
not the “blue” material. For another etching process, the
objective is to remove the “blue” material and not the “red”
material. The importance of thermal ALE chemistries based on
different ligand-exchange precursors is to develop a portfolio of
etching chemistries that can meet this “color challenge.”

Boron trichloride (BCly) is a precursor that can undergo
ligand exchange with metal fluorides to etch metal oxides and
metal nitrides by the fluorination and ligand-exchange
mechanism. BCl; has been used previously as a ligand-
exchange precursor during thermal AIN ALE using HF or XeF,
for fluorination and BCI, for ligand exchange.”” BCl; has also
been employed as a ligand-exchange precursor during thermal
TiO, ALE using WFq for fluorination and BCl; for ligand
exchange.”® In addition, BC; can form B,O, by converting the
surface of a metal oxide to a B,Oj; layer and the corresponding
volatile metal chloride. This conversion can occur because
B,0; is a stable metal oxide and the conversion reaction can be
thermochemically favorable. Following conversion to a B,0;
layer, the B,O; can be spontaneously etched using HF
exposures.'”*” Spontaneous etching is chemical vapor etching
as defined by continuous volatilization of material resulting
from precursor exposure.””~*' BCl, was used previously during
WO, thermal ALE for the conversion of the surface of WO; to
a B,O; layer.'” The B,O; layer was then removed by
spontaneous etching resulting from HF exposures.lo

This study explored thermal Al,O; ALE using sequential
exposures of HF and BCl;. The key question was the reaction
mechanism. Will Al,O; be etched by a fluorination and ligand-
exchange mechanism as illustrated in Figure 1? Or will Al,O;
be etched by conversion to B,O; by BCl; followed by the
spontaneous etching of B,O; by HF as displayed in Figure 2?
To investigate thermal Al,O; ALE and discover the reaction
mechanism, in situ Fourier transform infrared (FTIR)
spectroscopy was used to monitor the surface compositional
changes during sequential HF and BCl; exposures. In situ
quadrupole mass spectrometry (QMS) analysis was also
utilized to monitor the volatile etch products formed during
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Figure 1. Thermal Al,O; ALE occurring by a fluorination and ligand-
exchange mechanism. (A) HF fluorinates Al,O; to produce AIF; and
gaseous H,0. (B) BCl, then undergoes a ligand-exchange reaction
with AlF; to remove the AlF; layer by producing gaseous AICl; and
BE,.
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Figure 2. Thermal AlL,O; ALE occurring by a conversion and
spontaneous etch mechanism. (A) BCly converts Al,O; to B,O; and
gaseous AICl;. (B) HF then spontaneously etches the B,O; layer by
producing gaseous BF; and H,O.

the sequential HF and BCIl; exposures. In addition, in situ
spectroscopic ellipsometry studies were performed to measure
AlLO; film thicknesses during the ALE cycles to determine
Al,Oj etch rates.

2. EXPERIMENTAL METHODS

The in situ FTIR spectroscopy studies were performed in a warm-
walled viscous flow reactor as described earlier.”*** The reactor was
heated by a custom ceramic heater (Watlow). The wall temperature
was held at 150 °C during both the ALD and ALE experiments. To
enhance the surface sensitivity, the FTIR experiments were performed
in transmission mode through high surface area silicon nanoparticles.”
The silicon nanoparticles had an average diameter of 30—50
nanometers (US Research Nanomaterials). The use of nanoparticles
to facilitate FTIR vibrational spectroscopy studies of surface processes
has been discussed earlier.****

For the transmission FTIR measurements, the silicon nanoparticles
were pressed into a tungsten grid with dimensions of 3 cm by 1.7 cm
with a thickness of 50 ym and 100 gridlines per in.** The grid had
tantalum foils spot-welded on each side of the grid to provide good
electrical contact for resistive heating. To increase the temperature,
the tungsten grid was resistively heated by a direct current power
supply (HP 6268B). This current was regulated using a temperature
controller (16B PID Love). To monitor the temperature, a type-K
thermocouple was attached to the tungsten grid with an insulating
epoxy (Ceramabond, Aremco 571).

The FTIR spectra were recorded using a Nicolet 6700
spectrometer with a KBr beam splitter. The infrared light was
generated from a glow bar light source. The light was directed outside
the spectrometer, entered the reactor through a KBr window, passed
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through the tungsten grid containing the silicon nanoparticles, exited
the reactor through another KBr window, and was then focused onto
an MCT-B detector. The two KBr windows were isolated from the
reactor by gate valves. These gate valves were only opened when
obtaining the FTIR spectra. The FTIR spectra were averaged for 100
scans with a resolution of 4 cm™". Background reference spectra were
collected before each experiment.

The Al,O; ALD was performed in the in situ FTIR reactor using
trimethylaluminum (TMA) (Sigma-Aldrich, 99.5%) and reagent-
grade water (H,O, Sigma). The AL,O; ALD was conducted at 200 °C
and employed TMA exposures at 100 mTorr for 1 s and H,O
exposures at 70 mTorr for 2 s. The ALO; ALE studies were
performed using HF-pyridine (70% HF, 30% pyridine, Millipore-
Sigma) as the fluorination reactant together with BCl; (Synquest
Chemicals, 99%). The HF-pyridine solution has an HF vapor pressure
of 90—100 Torr with negligible pyridine vapor pressure at room
temperature.”*® These ALE investigations were performed at 300 °C
and utilized HF exposures at 200 mTorr for 1 s and BCl; exposures at
500 mTorr for 1 s. The HF-pyridine was transferred to a stainless-
steel bubbler that was gold-plated to prevent corrosion of the
stainless-steel walls. A carrier gas of UHP N, flowed through the FTIR
reactor at a flow rate of 100 sccm. This N, gas flow established a
background N, pressure of 1.5 Torr in the reactor.

The in situ spectroscopic ellipsometry studies of ALD and ALE
were conducted in a second reactor that has been described
previously.'® This reactor is a warm-walled reactor with a heated
sample holder that achieved temperatures up to 300 °C. The
polarized light from the ellipsometer was incident on the sample
surface at a 70° angle from the surface normal. A spectroscopic
ellipsometer (M-2000, J. A. Woollam) was utilized for all ellipsometry
experiments. Wavelengths from 240 to 1700 nm were used to obtain
the film optical properties. The ¥ and A parameters were analyzed
using a software package (CompleteEASE, J. A. Woollam). Silicon
coupons with a native oxide were used as the substrates for Al,O,
ALD. A Cody Lorentz model was used to fit the data during Al,O;
ALD. The Al,O; ALD films were grown using TMA and ozone from
an ozone generator (Ozonia).

QMS was performed in a reactor that has been described
previously.® The reactants were exposed to ALO; and B,0; powders
(US Research Nanomaterials). The volatile etch products were
formed in a N, background gas at a pressure of ~4.5 Torr in the
sample holder. These gases expanded through an aperture into a low
pressure differentially pumped region to form a molecular beam. The
products in the beam then passed through a skimmer into a second
differentially pumped region that housed the quadrupole mass
spectrometer (Extrel, MAX-QMS Flanged Mounted System). An
electron ionization energy of 70 eV was used for the QMS
experiments. To minimize exposures to corrosive gases, the ionizer
and analyzer were positioned perpendicular to the incoming
molecular beam.

3. RESULTS AND DISCUSSION

3.1. FTIR Studies of Al,0; ALD, Al,0O; ALE, and Al,03
Conversion to B,0;. Figure 3 shows the growth of an Al,O;
ALD film on the silicon nanoparticles as measured by FTIR
spectroscopy. The Al,0; ALD was conducted at 200 °C using
sequential exposures of TMA and H,0. One ALD cycle was
defined by one TMA exposure followed by one H,O exposure.
The spectra in Figure 3 display the absorbance growth from
the Al-O stretching mode at 850 cm™.*"** The absorbance
for this vibrational mode increases with increasing number of
ALD cycles during the nine ALD cycles. The spectra were all
recorded after the H,O exposures. The additional small
absorption peak at 1130 cm™' is assigned to a Si—O—Al
vibrational mode. The Si—O—Al species is formed during the
initial stages of Al,O; ALD at the interface with the native
oxide film on the silicon nanoparticles. After the TMA
exposures (not shown), the absorption peak observed at
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Figure 3. FTIR spectra of growth of Al,O; ALD films on silicon
nanoparticles during first 9 Al,O; ALD cycles using TMA and H,O as
reactants at 200 °C. Spectra show progressive absorbance gain of
Al—O vibrations. Spectra were recorded after H,O exposures.

1215 cm™ was assigned to Al-CH; deformation modes from
Al-CH; species.””” In addition, the absorption peak
monitored at 2900 cm™' was attributed to C—H stretching
vibrations from surface Al-CH; species.”**

Figure 4 shows the etching of the Al,O; ALD film by
thermal Al,O; ALE using sequential exposures of HF and BCl,

Al,O, ALE
HF/BCl,

Absorbance

300°C 8

1500

1250 1000 750 500

Wavenumber (cm™1)

Figure 4. FTIR spectra of etching of Al,O; ALD films during first 8
Al,O; ALE cycles using HF and BCl; as reactants at 300 °C. Spectra
show progressive absorbance loss of Al-O vibrations. Spectra were
recorded after BCl; exposures.

at 300 °C. Figure 4 displays difference spectra referenced to
the initial Al,O; ALD film. There is clear evidence of Al,O4
etching because the absorbance from the Al—O vibrational
band at 850 cm™" decreases progressively during the 8 ALO,
ALE cycles. The spectra were all recorded after the BCly
exposures. The difference spectra in Figure 4 also display a
small increase in absorbance at 1370 cm™" attributed to a B—O
vibrational mode.”” The appearance of this B—O vibrational
mode may indicate that BCl; can convert Al,O; to B,O; by the
reaction AL,O; + 2BCl;(g) — B,O; + 2AICl;(g), as shown in
Figure 2.'"”'"" Thermochemical calculations yield a small
positive standard free energy change of AG® = +2.3 kcal/mol
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for this reaction at 300 °C.*” Although AG" is slightly positive,
this conversion could be feasible under the nonstandard and
nonequilibrium conditions for this surface reaction.

To explore the possibility that BCl; can convert Al,O5 to
B,0;, difference spectra were recorded during successive BCly
exposures on an AL,O; ALD film. Figure 5 shows the difference

0.2+ BCl,

Exposures

0.1

0.01

Absorbance

BCl, = ALO,(CH,)
1500 1000
Wavenumber (cm™1)

500

Figure S. FTIR difference spectra showing conversion of Al,O; ALD
films to B,O; using 37 BCl; exposures at 300 °C. Spectra display
absorbance loss of Al-O vibrations for Al,O; and absorbance gain of
B—O vibrations for B,O;. Difference spectra are referenced to a
methyl-terminated Al,O; ALD film after TMA exposure.

spectra corresponding to 37 BCl; sequential exposures on the
AlL,O; ALD film. The BCl; exposures were at 500 mTorr for 1
s. An Al—CHj; methyl-terminated Al,O; surface was employed
to remove the possible reaction of BCl; with AlI-OH surface
species that would also produce B—O stretching vibrations.
These difference spectra are all referenced to the spectrum of
the initial Al,O; ALD film after the last TMA exposure. Figure
S shows a loss of absorbance for the Al—O vibrations at 860
cm™' with an increasing number of BCl; exposures. There is
also a gain of absorbance for B—O vibrations at 1370 cm™
with an increasing number of BCl; exposures.”” This
absorbance loss for Al-O vibrations from Al,O; and
absorbance gain for B—O vibrations from B,0; is clear
evidence for the conversion reaction.

The difference spectra in Figure 5 also show evidence for the
self-limiting nature of the conversion of Al,O; to B,O;. The
progressive absorbance loss for Al-O vibrations from Al,O;
and absorbance gain for B—O vibrations from B,0; becomes
smaller with each successive BCl; exposure. This progressive
reduction in the absorbance changes is attributed to the B,O;
conversion layer on the Al,O; surface that acts as a diffusion
barrier for Al,O conversion.** Additional BCl, exposures must
diffuse through the B,O; layer to reach the underlying Al,O,
substrate. In addition, Figure S displays a negative absorption
feature at 1215 cm™' that is assigned to the Al—CHj,
deformation mode. The initial A,O; ALD film was methyl-
terminated after the TMA exposure. The absorbance from this
Al—CHj; deformation mode is lost during the BCl; conversion
reaction.

To visualize the conversion of Al,O; to B,0;, the integrated
absorbance for the Al-O and B—O vibrations versus BCl,
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exposures is displayed in Figure 6. The integrated absorbance
for the Al-O vibrations was determined from 400 to 1050
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Figure 6. Integrated absorbance for B—O vibrations from 1050 to
1800 cm™! and Al-O vibrations from 400 to 1050 cm™' from

difference spectra during 40 viscous BCl; exposures and 16 static BCl,
exposures.

cm™". The integrated absorbance for the B—O vibrations was
determined from 1050 to 1800 cm™'. The first 40 BCl,
exposures were conducted using viscous flow conditions with
a BCl; pressure at 500 mTorr for 1 s. The subsequent 16 BCl,
exposures were static exposures at a pressure at 1 Torr for S s.
The first 40 BCl; exposures display an integrated absorbance
decrease for the Al—O vibrations and an integrated absorbance
increase for the B—O vibrations. The conversion slows after a
larger number of BCl; exposures as the B,O; conversion layer
progressively acts as a diffusion barrier on Al O;.

After the first 40 BCl; exposures, 16 additional BCl;
exposures were conducted at a higher pressure of 1 Torr for
S s. This change in the BCl; exposure conditions increased the
conversion of Al,O; to B,0O;. Figure 6 shows that the decrease
of the integrated absorbance for the Al—O vibrations is larger
with each static BCl; exposure compared with the previous 40
BCl; exposures. In contrast, the increase of the integrated
absorbance for the B—O vibrations was also larger for the first
few static BCl; exposures. However, the integrated absorbance
for the B—O vibrations then begins to decrease with
progressive static BCl; exposures. This behavior suggests that
the static BCl; exposures may be able to spontaneously etch
the B,O; layer.

3.2. Mass Spectrometry Studies of BCl; Exposure on
Al,O; and B,0j;. The initial exposures of BCl; on Al,O; and
B,0; were also examined using QMS analysis. Figure 7 shows
the mass spectrum during a BCl; exposure on Al,O; powder at
300 °C. The BCl; exposures were conducted at 2 Torr above
the N, background pressure for 120 s. There was a 300 s purge
between successive BCl; exposures. The peaks at m/z values
from 132 to 134 are characteristic of AlCl;". The intensity of
the different masses in this region are consistent with the
natural abundances of the **Cl and *'Cl isotopes. AlICl, is the
expected Al volatile product resulting from the conversion of
Al O, to B,0; by the reaction: AL,O; + 2BCl;(g) — B,0; +
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Figure 7. Mass spectrum of volatile products from BCl; exposure on
Al,O; powder at 300 °C. Ion signals are attributed to AICl; and
B,0;Cl; (trichloroboroxin) resulting from conversion of AL, O; to
B,0; and BCl; etching of B,O; to produce B;O;Cls.

2AICl;(g). These QMS results corroborate the conversion of
Al,Oj; to B,0; observed by the FTIR studies in Figure S.

Figure 7 also reveals a cluster of peaks located at m/z values
from 184 to 190. These peaks are consistent with the ion
intensities of B;O;ClL;" resulting from the ionization of
trichloroboroxin. Trichloroboroxin is a chlorinated boroxine
ring molecule. The various peaks represent the masses
expected from the national abundance of the **Cl and *’Cl
isotopes and the '°B and ''B isotopes. In addition, Figure 7
also has a cluster of masses at m/z values from 149 to 155
attributed to B;O;Cl,*. This ion is a fragment of the B;0;Cl;*
parent ion. There is also another cluster of masses at m/z
values from 141 to 147 that is assigned to B,OCl;".

The presence of trichloroboroxin in the mass spectrum
during the BCl; exposure on Al,O; powder indicates that BCl,
can proceed to etch B,O; following the conversion of Al,O; to
B,0;. The spontaneous etching of B,O; by BCl; can occur by
the reaction B,O; + BCl;(g) — B;0;Cl;(g). Thermochemical
calculations for this reaction at 300 °C yield a small positive
standard free energy change of AG® = +5.3 kcal/mol.*” This
reaction should not be spontaneous under equilibrium
conditions at standard state. However, this reaction may be
possible at the nonstandard and nonequilibrium conditions for
this surface reaction.

Figure 8 displays the intensities of the B;0;Cl,", AICL,", and
BCl;" ion signals during three sequential BCl; exposures on the
AL O; powder. AICL" is the dominant ion signal in the mass
spectrum of AlClL,.* The AICL,* and B;0,CL," ion signals are
correlated directly with the BCL;" ion signal. This correlation
argues that BCl; converts Al,O; to B,O; and volatile AICI;. In
addition, BCl; is able to etch B,O; and produce volatile
B;0;Cl;. The production of AICl; and B;O0;Cl; occurs
consistently with each BCl; exposure in Figure 8. There is
no sign of any decrease of the AlCl," and B;0;CL," ion signals
with successive BCly exposures. This behavior argues that the
BCl; etching of B,O; is spontaneous. In addition, the removal
of B,O; by BCl; allows BCI; to continue to convert Al,O; to
more B,0;. These results indicate that BCl; should be able to
etch Al,O; continuously by this conversion and spontaneous
etching mechanism.

6444

—— B305Cl
201 —— AC 600

—— BCl}

S

£ 151

2

2 101

O]

=

51

Time (min)

Figure 8. Time-dependent ion signals for B;O;Cl,*, AICL,*, and BCl;*
for three successive BCl; exposures on Al,O; powder at 300 °C.
B,0;CL,", AICL*, and BCL;* ion signals are monitored at m/z values
of 186, 97, and 116, respectively.

To confirm that BCl; can spontaneously etch B,O;,
additional QMS experiments were performed using BCI;
exposures on B,O; powder. Figure 9 displays QMS results

BCl3 on B>O3
301 300°C
. B,OCI3
>
£ 20, B30;Cl3
=
g B30sCl3
E 10
OMl.x..Ll ll-[
140 160 180
m/z

Figure 9. Mass spectrum of volatile products from BCI; exposure on
B,0; powder at 300 °C. Ion signals are attributed to B;O0;Cl;
(trichloroboroxin) resulting from BCl; etching of B,O;.

for BCl; exposures on B,O; powder at 300 °C. The results in
Figure 9 are nearly identical to the results for BCl; exposure on
Al,O; powder shown in Figure 7. The difference is the absence
of AICl;" ion signals in Figure 9. There is no conversion of
Al,O; to B,O; occurring when BCl; exposures are incident on
B,0; powder. Consequently, there are no AICl; products
produced that could yield AICL;" ion signals. Similar to the
results in Figure 7, the results in Figure 9 are consistent with
the spontaneous etching reaction: B,O; + BCly(g) —
B30,Cly(g).

Figure 10 shows the B;0;Cl,* and BCL;* ion signals during
sequential BCl; exposures on the B,O; powder. The B;O,CL,"
ion signals are coincident with the BCL* ion signal. This
coincidence demonstrates that BCl; can etch B,O; and
produce trichloroboroxin as the etch product. There is no
decrease of B;O;CL," ion signals with an increasing number of
BCl; exposures. This behavior argues that BCl; can
spontaneously etch B,O; and produce B;0;Cl; with nothing

https://doi.org/10.1021/acs.chemmater.2c01120
Chem. Mater. 2022, 34, 6440—6449


https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01120?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

R Bzozcb* '600
3 y l —— BCI}
;M Mm* 14002

Intensity (mV)
)
o
o
Intensity (m

10 15 20

Time (min)

5

Figure 10. Time-dependent ion signals for B;O;Cl," and BCl;* for
three successive BCl; exposures on B,O; powder at 300 °C. B;0;CL,"
and BCl;" ion signals are monitored at m/z values of 186 and 116,
respectively.

building up on the surface that could decrease the spontaneous
etching.

3.3. FTIR Studies of Sequential HF and BCl;
Exposures after Initial BCl; Exposure. Figure 11 shows

0.2571 a)HF -BCl,

B-O

Al-O
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Al-F
@ o
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Figure 11. (a) FTIR difference spectra during 20 HF exposures at
300 °C immediately following the BCl; exposures on Al,O; shown in
Figure S. (b) FTIR difference spectra during 20 BCl, exposures at 300
°C immediately following the HF exposures shown in (a).

the difference spectra for the subsequent HF and BCI;,
exposures after the BCl; exposures on the Al,O; ALD films
that were presented earlier in Figure S. The results in Figure 5
for the BCl; exposures displayed an absorbance loss at 860
cm™! corresponding to the Al—O vibrations and an absorbance
gain at 1370 cm ™! corresponding to the B—O vibrations. These
results were consistent with the conversion of Al,O; to B,O;.
On the subsequent HF exposures at 200 mTorr for 1 s, the
difference spectra in Figure 1la display a large decrease in
absorbance from 1100—1600 cm™'. This absorbance loss is
consistent with the removal of absorbance from the B—O
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vibrations in B,O; formed by the previous BCl; exposure on
ALO;.

These results indicate that HF can spontaneously etch B,O;
by the reaction B,O; + 6HF(g) — 2BF;(g) + 3H,0(g), as
illustrated in Figure 2. This spontaneous etching of B,O; by
HF has been investigated by earlier studies.'”*” Thermochem-
ical calculations for this reaction at 300 °C yield a negative
standard free energy change of AG® = —16.4 kcal/mol.*” This
negative standard free energy change predicts a spontaneous
reaction under equilibrium conditions at the standard state. In
addition, this negative standard free energy change also
suggests that the reaction would likely be spontaneous under
the nonstandard and nonequilibrium conditions for this surface
reaction.

In addition to removing B,O;, the HF exposure is also able
to fluorinate Al,O;. Figure 1la shows an increase in
absorbance at 680 cm™. This absorbance is attributed to the
Al—-F stretching vibrations in AIF;. This absorbance feature for
the AI-F stretching vibration has been observed earlier in
studies of Al,O, fluorination.”’ In addition, this AI—F
stretching vibration has been monitored during Al,O; ALE
using fluorination and ligand-exchange reactions.””!

The difference spectra for the next 20 BCl; exposures at 500
mTorr for 1 s after the previous HF exposures are shown in
Figure 11b. These difference spectra are not identical to
difference spectra for the BCl; exposures on the initial Al,O;
ALD film shown in Figure S. The absorbance gain for the B—O
vibrations at 1370 cm™" in Figure 11b is much smaller than the
absorbance gain for the B—O vibrations in Figure S for the
initial BCl; exposures. There is also a pronounced absorbance
loss at 690 cm™" with the BCI, exposures. This absorbance loss
is red-shifted relative to the absorbance loss at 860 cm™" in
Figure S.

This absorbance loss at 690 cm™ is attributed to the
reduction of Al—F stretching vibrations resulting from the
ligand-exchange reaction of BCl; with AlF;. The ligand-
exchange reaction volatilizes the AIF; layer and can be
expressed as AlF; + 3BCl(g) — AlCL(g) + 3BFClL(g) if
each BCl; reactant undergoes only one ligand-exchange
reaction. The reaction could also be expressed as AlF; +
BCl,(g) — AIClL;(g) + BF5(g) if each BCI, reactant undergoes
three ligand-exchange reactions. In addition, the absorbance
loss is also caused by more conversion of Al,O5 to B,O; by the
BCl; exposures according to Al,O; + 2BCly(g) — B,O; +
2AICl;(g). This conversion reaction leads to additional
reduction of absorbance for the Al—O vibrations from Al,Oj.

The difference spectra evolved during the subsequent HF
and BCl; exposures during Al,O; ALE. Figure 12 shows the
difference spectra after HF and BCl; exposures in the steady
state regime of AlL,O; ALE. The difference spectra are
referenced to the spectra after the previous exposure. In
Figure 12a for the difference spectrum corresponding to HF-
BCl,, there are absorbance increases at 690 and 900 cm™'
resulting from the HF exposure. These absorbance increases
are consistent with formation of more AlF; and Al-F
stretching vibrations by the fluorination of Al,O; to AlF; as
shown in Figure 1.”' There is also a slight reduction in
absorbance from 1100 to 1600 cm™' in the region
corresponding to the B—O vibrations in B,O; The HF
exposure is able to remove the B,O; formed by the previous
BCl; exposure as displayed in Figure 2.

In Figure 12b for the difference spectrum corresponding to
BCl,—HF, there are absorbance decreases at 690 and 900 cm™

1
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Figure 12. Difference spectra during steady state thermal Al,O; ALE
at 300 °C. (a) FTIR difference spectra after HF exposure referenced
to previous BCl; exposure and (b) FTIR difference spectra after BCl,
exposure referenced to previous HF exposure.

resulting from the BCl; exposure. These are the same Al—F
vibrational features that were produced during the HF
exposure. The BCl; exposure is able to remove these Al—F
vibrational features by ligand-exchange reactions as illustrated
in Figure 1. There is also a slight increase in absorbance from
1100 to 1600 cm™ in the region corresponding to the B—O
vibrations in B,O;. The BCl; exposure is able to convert more
AL, O; to B,O; after removing the AIF; layer on the Al,O,
surface.

3.4. Spectroscopic Ellipsometry Measurements of
Etch Rates and Mass Spectrometry Studies in Steady
State. The sequential exposures of HF and BCl; lead to
thermal AL, O; ALE. The etch rates of Al,O; were obtained
using spectroscopic ellipsometry measurements. Figure 13
shows the thickness measurements during Al,O; ALE using
HF and BCl, at a variety of temperatures. The HF exposure
was 100 mTorr for 1 s, and the BCl; exposure was at 500

| | |
w N o
o o o

Thickness (4)

|
B
o

of 444

20 30 40 50

HF/BCIs Cycles
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Figure 13. Spectroscopic ellipsometry measurments of Al,O,
thickness loss during Al,O; ALE using HF and BCl; as reactants at
variety of temperatures. Etch rates were 0.03, 0.31, 0.65, and 0.92 A/
cycle at 230, 255, 280, and 290 °C, respectively.
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mTorr for 1 s. There was a purge time of 60 s between each
reactant exposure. The etch rates were 0.03, 0.31, 0.6S, and
0.92 A/cycle at temperatures of 230, 255, 280, and 290 °C,
respectively. The uncertainties of these etch rates were =+
0.004, 0.00S, 0.006, and 0.006 A/cycle, respectively. These
uncertainties were determined by the error in the linear fits.

Progressively larger etch rates at higher temperatures have
been observed previously for thermal ALE systems.”””*” The
larger etch rates at higher temperatures could be attributed to
either greater fluorination or more complete ligand-exchange
reactions at higher temperatures.7‘27 In addition, the temper-
ature-dependent etch rates could result from more efficient
conversion of AlL,O; to B,O; at higher temperatures.
Understanding the temperature dependence resulting from
the fluorination and ligand-exchange mechanism or the
conversion and spontaneous etching mechanism would require
detailed QMS analysis of the reaction products at different
temperatures.

QMS analysis was performed during the HF and BCl,
exposures in the steady state regime during Al,O; ALE at
270 °C. The mass spectrum during the HF exposure for the
Sth Al,O; ALE cycle is shown in Figure 14a. The HF exposure

500{ 2 T
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S 2501 o ||| HF
\E, 0 f\ﬂaf\_
> 15 20 25 30 35 40
=20
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)
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0 .
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Figure 14. Mass spectrum during the fifth thermal Al,O; ALE cycle
on Al,O; powder. (a) Mass spectrum during the fifth HF exposure
observing H,0*, HF*, and HCI" ion signals. (b) Mass spectrum
during the fifth BCl; exposure observing AICL* and BFCl," ion
signals.

was 2 Torr over the N, background pressure for 120 s. The
QMS analysis detects a number of species including H,O, HF,
and HCl HF is expected because HF is the reactant. H,O is
also anticipated because H,O is a product of the fluorination
reaction: ALO; + HF(g) — 2AIF; + 3H,0(g) as shown in
Figure 1. Thermochemical calculations for this reaction at 270
°C yield a large negative standard free energy change of AG® =
—51.9 kecal/mol.*” The HCl is attributed to residual chlorine
left on the Al,O; surface after the BCl; exposure. HCI could be
formed by HF exchange with surface chlorine by the reaction:
Al-Cl + HF(g) —» Al-F + HCl(g).

There were also no boron-containing species observed by
the QMS analysis during the HF exposures. Earlier QMS
studies observed BF; BF,OH, and various boroxine ring
molecules, such as B3O3Fg and B;O;F,(OH), during HF
exposures on B,0O; powder.”” These boron-containing species
may be below the detection limit for the QMS analysis. In
addition, the lack of boron-containing species suggests that the
primary mechanism for Al,O; ALE using HF and BCl; in
steady state is by HF fluorination of Al,O5 to AlF; and then
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ligand-exchange reactions between BCl; and AlF; to form
volatile BF; and AICl; products.

To explore the volatile products during the BCl; reaction,
Figure 14b shows the QMS analysis for m/z values from 95 to
107 during the BCIl; exposure for the 5th Al,O; ALE cycle on
the AL,O; powder at 270 °C. The BCl; exposure was 2 Torr
over the N, background pressure for 120 s. The QMS
measurements observe ion intensities for AlCL," and BFCL,".
AICL" at an m/z value of 97 is the most intense cracking
fragment of the AICl; parent.*” AIC, is expected from the
ligand-exchange reaction AlF; + 3BCl(g) — AICL(g) +
3BFCl,(g), as displayed in Figure 1. AICl, is also possible from
the conversion reaction AL O; + 2BCly(g) — B,O; +
2AICl4(g), as shown in Figure 2.

An ion signal is also detected for BFCL," with the largest
signal at an m/z value of 100 in Figure 14b. BFCl, would be
produced by a single ligand exchange between BCl; and the
AlF; surface. Small peaks that were consistent with BF,CI were
also observed in the QMS spectrum (not shown). There was
no evidence for BF; that would indicate three ligand-exchange
reactions between BCl; and the AlF; surface. In addition, there
were small amounts of B;O;Cl; present in the QMS spectrum
with a low intensity of ~0.5 mV during BCl; exposures. The
removal of B,O; by BCI; to yield trichloroboroxin may have
reduced the quantity of boron-containing species that could
have otherwise been observed during the spontaneous etching
of B,O; by the HF exposures.

4. CONCLUSIONS

BCl; is a new reactant for thermal Al,O; ALE. BCl; has the
potential to enable thermal ALE through either ligand-
exchange or conversion reaction mechanisms. FTIR spectros-
copy and QMS analysis revealed that initial BCl; exposures on
AlL,O; converted the Al,O; surface to a B,Oj; layer. The FTIR
studies observed the absorbance loss of Al-O vibrations from
Al,O; and the absorbance gain of B—O vibrations from B,0;
with BCl; exposures. The QMS investigations also observed
ion intensities for AICL;" from AICl; during the conversion of
Al,O; to B,O;.

Larger BCl; exposures on the converted B,Oj; layer on Al,O;
were also observed to etch the B,O; layer. The FTIR studies
observed the absorbance loss of B—O vibrations from B,O; for
larger BCl; exposures. The QMS investigations also monitored
ion intensities for B;O;Cl;" from trichloroboroxin during BCl,
exposures. BCl; plays the unique role of first producing B,0;
from the conversion of Al,O;. Subsequently, the BCl; can etch
the B,O; conversion product. Additional QMS studies
confirmed that BCl; could etch initial B,O; substrates through
the formation of B;O;Cl; boroxine ring products.

During the HF and BCl; exposures for thermal Al,O; ALE
in steady state, the FTIR difference spectra indicated that
Al,O; ALE proceeded mostly by a reaction pathway where HF
fluorinates the Al,O; to AlF; and then BCl; removes the AlF;
layer by a ligand-exchange reaction. There was also evidence
for some conversion of Al,O; to a B,O; layer during the BCl;
exposures and then removal of the B,O; layer by the HF
exposures. In support of the ligand-exchange mechanism, the
QMS measurements observed ion intensities for BFCL," and
AICL" during the BCl; exposures in steady state. Small ion
intensities for B;O;Cl;* were also detected that were consistent
with some conversion of Al,O; to B,O; and the subsequent
etching of B,O; by BCl;., The QMS measurements also
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monitored ion intensities for H,O" and HCI" during the HF
exposures.

Spectroscopic ellipsometry (SE) measurements also meas-
ured the etch rates during thermal Al,O; ALE. The etch rates
increased progressively at higher temperatures. The etch rates
were 0.03 A/cycle at 230 °C, 0.31 A/cycle at 255 °C, 0.65 A/
cycle at 280 °C, and 0.92 A/cycle at 290 °C. Thermal AL,O,
ALE using sequential HF and BCl; exposures occurs by a
combination of ligand-exchange and conversion mechanisms
and provides another pathway for thermal Al,O; ALE. This
new pathway should be useful to define area selective etching
procedures for Al,O; and other materials.
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