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ABSTRACT

The thermal atomic layer etching (ALE) of VO, was demonstrated using sequential exposures of BCl; and SF,. The VO, etch rate measured
by quartz crystal microbalance investigations at 250 °C was 2.3 A/cycle. The mass losses during individual BCl; and SF, reactions were nearly
self-limiting versus BCls and SF, exposures. The VO, etch rates were also dependent on temperature and varied from 0.05 A/cycle at 150 °C
to 2.3 A/cycle at 250 °C. Fourier transform infrared (FTIR) spectroscopy studies observed VO, etching by monitoring the decrease in absor-
bance from V—O stretching vibrations in the VO, film. The FTIR spectra during the initial BCl; exposures on the VO, film observed the
growth of absorbance from B—O stretching vibrations from B,O; and the concurrent loss of V=0 vibrational features. These changes were
consistent with BCl; converting VO, to B,O;. The FTIR difference spectra during subsequent SF, and BCl; reactions also observed the
growth and loss of absorbance features that were attributed to F;V=0 and V—F stretching vibrations, respectively. These changes indicate
that SF, fluorinates VO, to form a VOF; surface layer and then BCl; undergoes ligand-exchange with VOF; to volatilize the VOF; surface
layer as VOCIl;. There was also evidence for conversion of VO, to B,O; during BCl; exposures and then removal of B,O; by SF, exposures.
In addition, quadrupole mass spectrometry (QMS) measurements observed that the SF, exposures produced ion intensities for SO,F,Cl,
products in oxidation states greater than 4+. These SOF,Cl, products indicate that SF, is being oxidized and acting as a deoxyfluorination
reactant. Concurrently, the QMS analysis also monitored ion intensity for Sg, S7, S¢, S, and S;. These Sg electron impact ionization products
argue that SF, oxidation occurs concurrently with SF, reduction. The QMS also observed ion intensities corresponding to VCl; and VOCI;.
The presence of VOCI; indicates that the oxidation state of vanadium has increased to 5+ in some of the volatile etch products. The QMS
also detected trichloroboroxin (B;03Cl;) during BCl; exposures. B;05Cls is a known etch product of B,O; during BCl; exposures. BCl; can
convert VO, to B,0; and then proceed to etch the converted B,Os;. Thermal VO, ALE using BCl; and SF, reveals the rich complexity of
surface etching reactions that can proceed by multiple pathways including conversion, ligand-exchange, and oxidation state changes.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002149

1. INTRODUCTION directional anisotropic etching.' Plasma ALE has been demon-
strated for numerous materials, such as Si,”* $i0,,” HfO,,° ALLO;,”

Atomic layer etching (ALE) is a highly controllable etch PR o .
InP,” W, graphene, * and MoS,. Thermal ALE uses molecular

process that uses sequential and self-limiting surface reactions."”

The first reaction typically modifies the surface. The second reac- precursors to volatilize the modified surface layer and leads to con-
tion then volatilizes the modified surface layer. ALE can be accom-  formal isotropic etching.'*"’ Thermal ALE has been reported for
plished using either plasma or thermal methods.”” Plasma ALE ~ many materials including ALOs," ™" HfO,,"" ™" Ga,05,”" AIN,”**’
utilizes ions to remove the modified surface layer and can achieve TiN,** SiOz,z" Si,”° W,*” and Ni.>*
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Various mechanisms have been reported for thermal ALE."”
Many metal oxides and metal nitrides have been shown to undergo
thermal ALE based on the fluorination and ligand-exchange mech-
anism.'>'”*” The thermal ALE of other metal oxides is based on
the initial conversion of the oxide surface to a different material
followed by the removal of the conversion layer.'>”” Elemental
metals are also known to undergo thermal ALE based on initial
oxidation or chlorination to change the initial oxidation state of the
metal.>***" The oxidized metal can then be volatilized based on
ligand-substitution or ligand-addition reactions.”*"’

BCl; is a versatile reactant that can undergo ligand-exchange
with metal fluorides to volatilize the metal fluoride by producing
metal chlorides. BCl; was employed as a ligand-exchange precursor
during AIN ALE using HF or XeF, for fluorination and BCl; for
ligand-exchange.”” BCl; was also employed as a ligand-exchange
precursor during GaN ALE using XeF, for fluorination and BCl;
for ligand-exchange.”' In addition, BCl; has been utilized as a
ligand-exchange precursor during TiO, ALE using WFq for fluori-
nation and BCl; for ligand-exchange.”

BCl; is also able to convert the surface of many metal oxides
to a B,O; layer. This conversion reaction is thermodynamically
favorable because B,O; is more stable than many other metal
oxides. The B,0; conversion layer can then be spontaneously
etched by HF to produce BF; and H,0.” BCl; was used to convert
WO; to B,O; during WO, ALE.”” B,0O; was then removed by
spontaneous etching resulting from HF exposures. Recent results
for ALLO; ALE using BCl; and HF also revealed that Al,O; ALE
occurred by both fluorination and ligand-exchange together with
conversion and spontaneous etching."*

In this paper, BCl; is demonstrated as a precursor for thermal
VO, ALE together with SF, as the fluorination reactant. Earlier
studies of VO, ALE utilized SF, for fluorination and Sn(acac), for
ligand-exchange.” SF, is a stronger fluorination reactant than HF.
SF, was initially thought to be necessary for VO, fluorination
because the AG® value for VO, fluorination to VE, using HF is
positive.”* However, experiments revealed that both SF; and HF
could fluorinate VO, and subsequently etch the VO, film using
Sn(acac), as the ligand-exchange precursor.”* Etch rates of 0.30 and
0.11 A/cycle were measured for VO, ALE at 200 °C using SF, and
HE, respectively, together with Sn(acac),.”*

Because Sn(acac), has low vapor pressure and poor thermal
stability, the use of other ligand-exchange precursors for VO, ALE
is desirable. BCl; has high vapor pressure and good thermal stabil-
ity. However, BCl; has the possible complication of converting VO,
to B,Os. The conversion reaction of VO, to B,Oj is as follows:

1.5V0, + 2BCl3(g) — B,Os + 1.5VCly(g). 1)

This reaction is thermochemically favorable with a standard free
energy change of AG® = —3 7.5 kcal/mol at 250 °C.”> Consequently,
the BCl; reaction during VO, ALE could lead to either
ligand-exchange or conversion.

VO, is a technologically important material. VO, is a semi-
conductor at room temperature and has a metal-insulator transi-
tion around 68 °C that leads to a pronounced change in resistivity
and optical transmittance.”>”” As a result, VO, is useful for many
devices, such as bolometers’® and smart windows.””” Thermal
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VO, ALE may be important to obtain thin VO, films with low
thermal mass for sensitive thermal sensors. Thin VO, films are also
less susceptible to fracture resulting from temperature cycling
through the metal-insulator transition. High-quality, ultrathin, and
continuous VO, films could be fabricated using VO, deposition
followed by VO, etchback to overcome the problems of VO, nucle-
ation on the underlying substrate.*’

Il. EXPERIMENT
A. Reaction conditions for VO, ALD and VO, ALE

The VO, films were deposited and etched in a custom-built,
stainless-steel, viscous-flow reactor.”” A total N, flow of 160 SCCM
was used as both a purge and inert carrier gas. The reactor pressure
was ~1 Torr. The chamber was equipped with an in situ quartz
crystal microbalance (QCM). An SC-cut quartz crystal (Maxtek
SC-101 gold coated, 6 MHz) was used to monitor film growth and
etch. A description of the reactor and QCM setup has been pre-
sented earlier.”

Vanadium (IV) oxide (VO,) films were deposited in an ALD
process at 150 °C using tetrakis(ethylmethylamino) vanadium(IV)
(TEMAV, 98%, STREM) and DI H,O as reactants.””*' The H,O
was kept at room temperature. The stainless-steel bubbler contain-
ing the TEMAV was heated to 60-65 °C and also used a N, flow-
over of ~20 SCCM to increase precursor transport into the reactor
chamber. TEMAV and H,O yield amorphous VO, ALD films
when deposited at 150 °C.*"** As-deposited films were previously
characterized to confirm VO, with a vanadium oxidation state of
primarily 4+ using x-ray photoelectron spectroscopy (XPS).”*

The VO, ALD films were then etched using boron trichloride
(BCls, 99.9%, Sigma-Aldrich) and sulfur tetrafluoride (SF,, >98.5%,
SynQuest Laboratories). The VO, ALE was conducted at tempera-
tures ranging from 150 to 250 °C. Both etching precursors were
kept at room temperature. The pressures during BCl; and SF4
exposures were 200 and 500 mTorr, respectively.

B. Reactor for in situ Fourier transform infrared
spectroscopy measurements

VO, ALE was also studied using in situ Fourier transform
infrared (FTIR) spectroscopy. The reactor and in situ FTIR spec-
trometer have been described previously.”” The FTIR experiments
employed high surface area silicon nanoparticles (>98%, U.S.
Research Nanomaterials) with an average diameter of 30-50 nm.
The Si nanoparticles were mechanically pressed into a tungsten
grid support to facilitate the transmission FTIR measurements."’
VO, ALD films were grown on the Si nanoparticles.

The tungsten grid was 2 x 3 cm?, 50 um thick, with 100 grid
lines per inch. The tungsten grid was resistively heated using a DC
power supply (6268B, 20 V/ 40 A, Hewlett-Packard). The voltage
output of the power supply was controlled by a PID temperature
controller (Love Controls 16B, Dwyer Instruments). A K-type ther-
mocouple was attached at the bottom of the tungsten grid with
epoxy (Ceramabond 571, Aremco). The epoxy also electrically iso-
lated the thermocouple from the tungsten grid.
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C. Quadrupole mass spectrometry

Quadrupole mass spectrometry (QMS) was performed in a pre-
viously described reactor."* In this reactor, a mixture of N, carrier gas
and precursor gas was used to form a molecular beam. This molecu-
lar beam was defined by gas expansion through an aperture on the
sample chamber into vacuum. The beam then passed through a
skimmer. The skimmer aperture diameter was 300 um. The skimmer
was positioned 33.4 mm from the sample aperture.

The beam then traveled into a differentially pumped region
for the QMS analysis. Each QMS spectrum monitored mass inten-
sities from 2 to 300 amu and had a 1's scan time. An average of 20
scans was used to maximize the signal to noise in the spectra. An
electron ionization energy of 70 eV was used for these experiments.

The QMS experiments were conducted on VO, and V,0s
powders placed in the sample holder. The powders were vanadium
(IV) oxide (VO,, >99% trace metals basis, Sigma-Aldrich) and
vanadium (V) oxide (V,0s5, >99% trace metals basis, Sigma-
Aldrich). The mass of the VO, and V,05 powders was measured
before and after the etching experiments.

The QMS experiments were performed at 250 °C with a back-
ground N, pressure of 3.3 Torr defined by a N, flow of 2.0 SCCM
through the sample chamber. Both BCl; and SF, were added to
separate reservoirs to obtain a pressure of 8.0 Torr. During BCl;
and SF, exposures, the BCl; and SF, reactants were added to the
sample chamber. Each gas precursor dose was 120s long, with
300 s purges between doses. During the BCl; and SF, exposures,
the pressure in the sample chamber rose to 6.8 Torr. A partial pres-
sure of 3.5 Torr was used for each precursor gas.

D. Transmission electron microscopy

Ex situ analysis of VO, film thickness and uniformity on par-
ticles before and after VO, ALE was performed using an FEI
Tecnai T12, 20-120V transmission electron microscope (TEM).
The TEM was operated at 100kV in the bright-field mode.
W/WOj; powder was chosen as the substrate material to provide
enhanced contrast between the VO, ALD film and the substrate.

The VO, films to be analyzed with TEM were deposited at
150 °C using VO, ALD with TEMAV and H,O as the reactants.” "’
The VO, ALD films were etched at 250 °C using VO, ALE with
BCl; and SF, as the reactants. This VO, ALE process was per-
formed using static exposures in a separate reaction chamber that
has been described previously.”” The TEM samples were prepared
by placing the VO, ALD-coated tungsten powder on a formvar/
carbon-coated copper TEM grid (300 mesh, Electron Microscopy
Sciences).

I1l. RESULTS AND DISCUSSION
A. QCM studies

VO, ALD films were first grown on the QCM sensor. The
VO, ALD films were then etched using VO, ALE. Figure 1 shows
QCM data of 115 cycles of VO, ALE using BCl; and SF, at 250 °C
with BCl; exposures of 10s and SF, exposures of 2.5s. N, purge
times were 90 s after BCl; doses and 135s after SF, doses. This
reaction sequence is designated as 10-90-2.5-135.
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FIG. 1. Mass change vs time for 115 VO, ALE cycles using sequential BCl;
and SF, exposures at 250 °C. Mass change per cycle yields an etch rate of
2.3 Alcycle during the linear region designated by brackets.

An initial etch delay was observed with very slow etching
during the first ~30 cycles. This etch delay is not well understood
at this time. The etch delay may result from a slow oxidation state
change from V** to V°* for vanadium surface species during initial
BCl; and SF, exposures. Etching of V" species may be preferred as
discussed later. After the delay, a linear etch regime is reached, and
the average mass change per cycle (MCPC) is —101.2 ng/(cm?
cycle). Assuming a VO, density of 4.36 g/cm® as measured by x-ray
reflectivity (XRR), this MCPC corresponds to an etch rate of
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FIG. 2. Expanded view of three VO, ALE cycles from Fig. 2 in the linear region
showing mass loss during both BCl3 and SF, exposures.

J. Vac. Sci. Technol. A 41(1) Jan/Feb 2023; doi: 10.1116/6.0002149
Published under an exclusive license by the AVS

41, 012603-3


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

JVSTA

Journal of Vacuum Science & Technology A

2.3 A/cycle. No etching occurs during the last several cycles as
shown in Fig. 2 because the initial VO, ALD film has been
removed completely from the QCM sensor.

An expanded view of three VO, ALE cycles at 250 °C from
the linear regime in Fig. 1 is shown in Fig. 2. The BCl; exposure
leads to a mass loss of AMpcj3 =—44.3 ng/cmz. The mass spike
observed at the beginning of BCl; exposures may be attributed to
initial BCl; adsorption on the surface that then undergoes
ligand-exchange to produce volatile VOCI;. Further mass loss
occurs as extended BCl; exposure converts the underlying VO,
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FIG. 3. Mass change per cycle (MCPC) vs exposure time during VO, ALE at
250 °C. (a) Varying exposure time, X, of BCl; with constant SF4 exposure time
of 2.55s. (b) Varying exposure time, X, of SF, with constant BCI; exposure time
of 10s. Purge times were 90 and 135s after BCl; and SF4 exposures,
respectively.
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surface to B,O;. Chlorinated species, such as BO,Cl,, are also
expected to remain on the surface after the BCl; exposure.

The SF, exposure leads to another mass loss of
AMgg, = —56.9 ng/cmz. This mass loss is attributed to the removal
of BO,Cl, and B,0; surface layers. Fluorination of the underlying
VO, then forms a VOF; surface. During this fluorination, the vana-
dium is oxidized from a 4+ to a 5+ oxidation state. Sulfur is also
believed to be reduced during this oxidation process.

Figure 3 explores the self-limiting nature of BCl; and SF, reac-
tions at 250 °C. Each point represents the average mass change over
15 reaction cycles. In Fig. 3(a), the SF; exposure time was held
constant at 2.5s as the BCl; exposure time was varied from 0 to
20s. The reactant pulse sequence is designated as X-90-2.5-135.
The BCl; exposure exhibits a soft saturation behavior, where the
mass change per cycle (MCPC) continues to decrease slightly with
increasing exposure time. This slow decrease is likely due to slow
spontaneous etching of the newly formed B,O; surface by BCl;
that forms volatile B;0;Cl; species.

In Fig. 3(b), the BCl; exposure was held constant at 10 s as the
SE, exposure was varied from 0 to 5s. This reactant pulse sequence
is designated as 10-90-X-135. Figure 3(b) shows that the mass
change per cycle decreases rapidly versus the SF; exposure.
Saturation behavior is reached more quickly than for the BCl;
exposure observed in Fig. 3(a). The SF, can readily remove the con-
verted B,O; surface layer and fluorinate the VO, surface.

The temperature dependence of VO, ALE is explored in
Fig. 4. The temperatures ranged from 150 to 250 °C. The etch rates
increased at higher temperatures. The etch rates were 0.05, 0.15,
0.20, 1.7, and 2.3 A/cycle at 150, 175, 200, 225, and 250 °C, respec-
tively. Using an Arrhenius plot to calculate an activation energy
from the temperature-dependent linear etch regimes yields
E,=74.0kJ/mol. An etch delay was observed at temperatures

0 150°C
—_ 175°C
~N -2 ng/cm?cycle 200°C
g -1000+ -7 nglcm? cycle
a -9 ng/cm?cycle
£ -2000 4
)
-3000 4 o
% -74 nglcm2cycle e
N =
O -4000+
(7))
e BCI SF
g -5000 4 3 4
10 - 90 - 2.5 - 135 -101 ng/lcm? cycle 2s0°c
-6000 T T T T
0 2500 5000 7500 10000

Time (s)

FIG. 4. Mass change vs time for VO, ALE using sequential BCI; and SF4 expo-
sures showing temperature dependence. Etch rates varied from 0.05 Alcycle at
150 °C to 2.3 Alcycle at 250 °C. Initial etch delays at 225 and 250 °C were
removed to allow for better comparison between temperatures.
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>200 °C. These initial etch delays are not shown for 225 or 250 °C
to allow for better comparisons. The etch delays were ~6000 s
(25 etch cycles) and ~7000 s (30 etch cycles) for etching at 225 and
250 °C, respectively.

B. FTIR studies

Absolute infrared absorbance spectra showing the loss of
absorbance of V—O stretching vibration from VO, are displayed in
Fig. 5. Spectra are shown for 30 VO, ALE cycles using BCl; and
SE, as the reactants at 250 °C. The black line indicates the spectrum
for the as-deposited VO, ALD film referenced to the FTIR spec-
trum of the Si nanoparticle substrate. Spectra were recorded after
every 5 VO, ALE cycles following the SF, exposures. The spectra
are also referenced to the spectrum of the Si nanoparticle substrate.

The decreasing absorbance in the region of 400-850 cm™" in
Fig. 5 during VO, ALE is consistent with a loss of V—O stretching
vibrations.”®"” The absorbance loss from 980 to 1055 cm™" during
VO, ALE is attributed to V=0 surface vibrations.">"” The initial
increase in absorbance during first several etching cycles can be
explained by the creation of vanadium fluoride stretching vibra-
tions."™"” A decrease in absorbance is also observed at 925 cm™
and is attributed to the loss of Si—O—V vibrations.”’ The Si—O
vibration observed at 1215 cm ™" is due to oxidation of the underly-
ing Si nanoparticle substrate during the VO, ALD growth.

Figure 6 explores initial BCl; exposures on a newly grown
VO, ALD surface at 250 °C. The FTIR spectra show the result of
eight BCl; exposures for 1s. Progressive exposures are indicated by
an increasing line darkness between the individual spectra. Figure 6
shows that there is a pronounced increase in absorbance at

0.6- I
V=0 ;
0.54 ‘o
3
c 044 : -
© ' 'y
£ :
Q 0.3 '
0 3 '
< '
0.2- '
0.1 Y
Si-0 i :

o L
1400 1200 1000 80 600 400
Wavenumber (cm™)

FIG. 5. Absolute FTIR absorbance spectra showing loss of V—O stretching
vibrations during 30 cycles of VO, ALE using sequential BCl; and SF, expo-
sures at 250 °C. Initial FTIR spectrum of the VO, ALD film is referenced to
initial Si nanoparticles and given by the black spectrum.
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1350 cm™". This absorbance is assigned to a B—O stretching vibra-
tion.”" This increase in absorbance is attributed to the conversion
of the surface of the VO, ALD film to a B,Oj5 surface layer.

There is also a distinct loss of absorbance at 1016 cm™ in
Fig. 6. This feature is assigned to a V=0 surface species that is
removed during the conversion of VO, to B,05."**” The growth of
absorbance for the B-O stretching vibration and loss of absorbance
for the V=0 surface species is consistent with the conversion of
VO, to B,O3 by BCl; according to the reaction given in Eq. (1).
Some of the additional absorbance peaks in Fig. 6 below 1000 cm™"
can be attributed to B—CI vibrations.’”

FTIR difference spectra in the steady-state regime during the
20th cycle of sequential BCl; and SF, exposures during VO, ALE
are shown in Fig. 7. The difference spectra recorded after BCl; and
SE, exposures were referenced to spectra after previous SF, and
BCl; exposures, respectively. The large increases in absorbance at
1051 and 650 cm™! in Fig. 7(a) are attributed to F;V=0 and V—F
stretching vibrations.”**” These vibrational features are formed by
the fluorination of VO, during SF, exposures. Figure 7(b) shows
that these vibrational features are removed during subsequent BCl;
exposure.

Small absorbance changes in the region of B—O stretching
vibration around 1350 cm™" are also observed in Fig. 7 during VO,
ALE. A small peak corresponding to a B—O stretching vibration is
observed in Fig. 7(b) after BCl; exposures. This slight peak is then
removed in Fig. 7(a) during the subsequent SF, exposure. Similar
behavior was also observed during Al,O; ALE using BCl; and HF
as reactants.'* The BCl, exposures were also converting Al,O5 to
B,0;. The HF exposures then spontaneously removed the B,0;
conversion layer.””

0.3 8 BCI, on VO,

250°C

g 0.2-
[ —
©
£
@
0o 0.1-
<
(Y11 e — A 4B
V=0
T T T T T T
1600 1200 800 400

Wavenumber (cm™)

FIG. 6. Absolute FTIR absorbance spectra showing growth of B—O stretching
vibrations and loss of V=0 stretching vibrations during eight successive BCl;
exposures on the initial VO, ALD film at 250 °C.

J. Vac. Sci. Technol. A 41(1) Jan/Feb 2023; doi: 10.1116/6.0002149
Published under an exclusive license by the AVS

41, 012603-5


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

JVST A

Journal of Vacuum Science & Technology A

0.08
20t cycle
1 250 °C

0.04- (a) SF,
@ (b) BCI,
e
8 0.00 =S mmacdied------o----
o ]
3
< -0.04 -

-0.08 F,V=0

T T T

I I I I
1600 1200 800 400

Wavenumber (cm™)

FIG. 7. FTIR difference spectra for 20th cycle of sequential BCl; and SF4 expo-
sures at 250 °C. (a) Difference spectrum after SF4 exposure defined by refer-
encing spectrum to spectrum after previous BCl; exposure. (b) Difference
spectrum after BCI; exposure defined by referencing spectrum to spectrum after
previous SF, exposure.

The absorbance increase for the B—O stretching vibration in
Fig. 6 after BCl; exposure on a freshly deposited VO, ALD surface
is much larger than the absorbance increase for the B—O stretching
vibration in Fig. 7 after BCl; exposure during sequential SF, and
BCl; exposures. This contrast is attributed to the difference

7
6 - SOZC|2* a) SF4 on V02
S

5] |7 soFch*

4] soF,cir SOFCl

3 Ss
- ] SOFCl," s
> 24 S;* S+
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FIG. 8. QMS spectra recorded for 6th SF, exposure during sequential BCl; and
SF, exposures on (a) VO, powder and (b) V,05 powder at 250 °C.

ARTICLE avs.scitation.org/journal/jva
20
a) BCl, t=10 s
VOCl,*
10 ~ VOCI,;*
vclg*
0 sl 1 . T L . . ' ‘ l. Iy
S . M0 150 160 170 180 190 200
E | Vels* b) BCI,, t=28 5
44 B,OCI,*
2 1 T vel,*
0 ol B;0,4Cl,
c
3 | Ij‘l lllll.lujlllh n I . WRERIY P 1 ) l] l S,
[ 0 T T T T T T T T T T T T
=, 140 150 160 170 180 190 200
B;0,Cl,* VCIy" c) BCl;,t=70 s
1] BOCI’ vel,t
m
| l l 'L_l‘h | ol
0 - T — “l — — T T T T
140 150 160 170 180 190 200

m/z

FIG. 9. QMS spectra recorded for third BCl; exposure during sequential BCl
and SF, exposures on V,05 powder at 250 °C after exposure times of (a) 10,
(b) 28, and (c) 70s.

between the two VO, surfaces. The VO, surface in Fig. 6 is the
initial surface after VO, ALD. The VO, surface in Fig. 7 has been
fluorinated by SF,. The differences between Figs. 6 and 7 indicate
that BCl; is not as effective converting the fluorinated VO, surface
to B203.

C. QMS studies

QMS measurements at 250 °C for the 6th SF, exposure during
sequential exposures of SF, and BCl; are shown in Fig. 8(a) for
VO, powder and in Fig. 8(b) for V,05 powder. The mass spectra
cover m/z values from 110 to 260. Both oxidized and reduced
sulfur species are observed compared with the parent SF, reactant.
A variety of ion intensities are detected for SO4F,Cl, products in
oxidation states greater than 4+. These SO,F,Cl, products indicate
that SF, is being oxidized and acting as a deoxyfluorination
reactant.

Ton intensities are also detected for Sg and its electron impact
cracking fragments including ion intensities for S7, S¢, Ss, and Sj.
These species are consistent with the reduction in the SF, reactant.
A comparison of Figs. 8(a) and 8(b) reveals that the ion intensities
for Sg products are more intense on the VO, surface. The reduction
in the SF, reactant is believed to coincide with the need for vana-
dium in VO, to oxidize from 4+ to 5+. This oxidization is required
to produce stable volatile vanadium etch products in the 5+ oxida-
tion state, such as VOCl;. The predecessor to VOCI; in the gas
phase is VOF; in the thin film.

The production of Sg products is much less on the V,0s
surface. Vanadium in V,0s is already in the 5+ oxidation state and
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can directly produce volatile 5+ oxidation state etch products.
Consequently, oxidation of V,0Os is not necessary and less reduc-
tion of SF; to Sg is required for etching V,0s. The V,0s also
etched much more rapidly than VO,. After exposure to six cycles
of BCl; and SF, at 250 °C, the VO, powder mass was reduced from
53.8 to 46.6 mg for a 13% mass loss. In comparison, after exposure
to five cycles of BCl; and SF, at 250 °C, the V,0O5 powder mass was
reduced from 23.5 to 1.1 mg for a 95% mass loss. The oxidation
state change required for VO, etching to produce volatile vanadium
etch products in the 5+ oxidation state must limit the rate of VO,
etching.

Time-resolved QMS results for the volatile etch products
during a BCl; exposure on V,05 are shown in Fig. 9. V,0s is
shown instead of VO, because the vanadium etch products are
more intense from vanadium in the 5+ oxidation state. However,
similar products are also observed for VO,. Early during the BCl,
exposure at t=10s, Fig. 9(a) shows the ion intensity for VOCI3

Initial Film
5.0 nm VO,

-

10 cycles ALE
1.8 nm VO,

sa]0A9 Buiyoyg Buisealou)

30 cycles ALE
No VO,

FIG. 10. TEM images of VO, ALD films on W particles showing (a) initial VO,
film with thickness of 5nm, (b) VO, film after 10 VO, ALE cycles with a thick-
ness of 1.8 nm, and (c) no remaining VO, film after 30 VO, ALE cycles.
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from the VOCI; volatile etch product. The electron impact ioniza-
tion of VOCI; also leads to VOCI; and VCI} fragment ion signals.”

As the BCl; exposure continues at t=28s, Fig. 9(b) reveals that
the ion intensities for VCl; and VCI3 become the most significant
species. These ion intensities result from electron impact ionization of
VCl. The appearance of VCl; is expected from the conversion of
VO, to B,Os given by Eq. (1). Later in the exposure at t =70, Fig. 9(c)
shows that trichloroboroxin (B;O;Cl;) rings become prominent as
BCl; interacts with the converted B,O; surface. Trichloroboroxin
has been observed earlier during etching of B,O3 by BCl;.”” Small
signals for trichloroboroxin were also detected earlier in Fig. 9(b).

Not shown in Fig. 9 are the ion intensities for BFCl, and
BF,Cl ligand exchange products in the low mass region. The ion
intensities for BFCIL3 and BF,Cl" reach their maximum intensities
simultaneously with the maximum intensity for VOCI3 in Fig. 9(a).
The maximum intensities are 120 mV for BFCI3 at m/z 102 and
37 mV for BF,CI" at m/z 84.

D. TEM studies

TEM was used to visualize VO, ALE on VO, ALD films on
W particles (10 um tungsten powder, >99.99%, Sigma-Aldrich). For
these experiments, a VO, ALD film with a thickness of 5 nm was
deposited at 150 °C using 200 VO, ALD cycles with TEMAV and
H,O as reactants. The W powders were covered with a native WO;
surface. The initial quantity of W powder was 1g. After VO, ALD,
the sample was removed for the TEM analysis and then placed
back into the reactor for VO, ALE.

The initial TEM image shown in Fig. 10(a) reveals that the
VO, ALD film is uniform and conformal on the W particle. The
VO,-coated W powder was then etched using VO, ALE at 250 °C.
This etching was performed under static etching conditions with
60 s hold times at constant pressure and a purge sequence consist-
ing of 120 s static purging, 240 s viscous N, purging, followed by a
final 120s static purge. Reactant pressures were 5Torr for both
BCl; and SF, exposures. A TEM image was then recorded after 10
VO, ALE cycles as displayed in Fig. 10(b). Another TEM image
was recorded after 20 additional VO, ALE cycles (30 cycles total)
as shown in Fig. 10(c).

(A) SF,

(B)

BCl,

BOCI

vel, VOoCl, Vo
2

BF,Cl,  B;OCl;

FIG. 11. Schematic of the proposed reaction process for VO, ALE showing (a)
SF, exposure and (b) BCl; exposure.
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TEM analysis shows that the VO, ALD film is progressively
removed by VO, ALE. The etch rate estimated from the TEM
images is ~3.2 A/cycle at 250 °C. This etch rate is higher than the
etch rate of 2.3 A/cycle at 250 °C measured for the VO, ALD films
on the QCM sensor. The higher etch rate on the particles is attrib-
uted to the static exposures and the lower gas conductance in the
VO,-coated W powder. Similar results are observed during ALD
on particles when the ALD growth rates are larger than the growth
rates observed on flat surfaces.”*””

E. VO, ALE reaction mechanism

A proposed reaction mechanism for VO, ALE with BCl; and
SF, as reactants is given in Fig. 11. This proposed mechanism
attempts to explain all the observations from the QCM, FTIR, and
QMS experiments. The key observations were as follows: (1) mass
losses observed on both BCl; and SF, exposures; (2) BCl; leading to
both conversion of VO, to B,O; and BCl; acting as a
ligand-exchange precursor; (3) sulfur in SF, yielding both higher
oxidation states in SO4Cl, volatile species and lower oxidation states
in Sg volatile species; (4) volatile vanadium etch products appearing
in both the 4+ oxidation state (VCl,) and the 5+ oxidation state
(VOCls); and (5) etching of B,O5 by BCl; to produce B;05Cls.

Initial reaction equations were written to agree with the surface
and volatile species as observed by FTIR and QMS. Mathematica
(Wolfram Mathematica 13.0.0.0) was then used to solve the system of
many reaction equations to obtain reaction coefficients that agreed
with observed QCM mass changes. The balanced reaction equations
that are consistent with all the experimental results are given below.
In these equations, the * denotes a surface species, the | separates dif-
ferent surface species, and the (g) indicates a gas species.

SF, reactions:

7
(al) X1 {BOCI* + g SF4(g) — BF3 (g)

2 1 1
+ 3 SOF; (g) + m Ss(g) + 3 SOFCl;3(g) } (2)
(@) x{B.0% + 35Fy(p) — 2BFs(9) + 350F®)),  (3)

(@) x5 {voz +25F,(5) — VOF} + 3i2s,8<g) + SOFz<g>}. @

BCl; reactions:
(by) X3{VOF§ + 2BCly(g) — VOCLs(g) + BE,Cl(g) + BFClz(g)},
(5)

(b2) XI{ZVO§+3BCI3(g)—>B203|BOC1*+2VC14(g)}, )

(c1) B,03 + BCls(g) — B;05ClLi(g). (7)

The sum of reactions a;, a,, and a3 in Eqs. (2)-(4) presents the
overall reaction during the SF, exposure. Reaction a; in Eq. (2)
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presents the removal of BOCI* surface species to produce BF;,
SOF,, and SOFCl;. Reaction a, in Eq. (3) describes the removal of
B,0s* surface species to produce BF; and SOF,. Reaction a; in
Eq. (4) presents the oxidation of VO,* to VOF;* and the subse-
quent reduction of SF; to Sg. Sg is produced during reaction a;
when VO, is oxidized to form VOF;*. In addition, some Sg is also
produced during reaction a; when SF, is oxidized to SOFCL,.

The sum of reactions b;, b,, and ¢; in Egs. (5)-(7) gives the
overall reaction during the BCl; exposure. Reaction b; in Eq. (5)
describes VOF; undergoing a ligand-exchange process with BCl; to
form volatile VOCl; and mixed-halogen boron species. Reaction b,
in Eq. (6) presents the conversion of V,0, (or 2VO,) to B,O; and
VCl,. Finally, reaction ¢; in Eq. (7) represents etching of the
B,0;-converted surface layer during extended BCl; exposures to
produce trichloroboroxin.

The coefficient values needed to balance the equations and
agree with observed QCM mass changes were calculated by
Mathematica. See supplementary material™® for a description of the
Mathematica calculations. Mass loss from c¢; was not considered
when calculating the reaction coefficients. The Mathematica calcu-
lations established that Eqs. (2)-(6) yield the correct ratio of mass
changes during SF, and BCl; exposures with the reaction coeffi-
cients x; = 0.82 and x3=0.36.

In addition, the Mathematica calculations determined that the
sum of reactions a;, a,, and a; and the sum of reactions b, and b,
both yield mass losses during SF, and BCl; exposures, respectively.
Mass losses of Ampcz =—44.3 and Amgps = —56.9 ng/cm2 were
measured by QCM at 250 °C for the individual BCl; and SF, expo-
sures, respectively. The experimental ratio of the mass changes was
Amgc3/Amgp, = 0.78. The coefficients x; and x; for the reaction
mechanism given by Eqs. (2)-(6) also produced a ratio of the mass
changes of Ampcj3/Amggy = 0.78.

IV. CONCLUSIONS

VO, thermal ALE was accomplished using sequential expo-
sures of BCl; and SF;. The etch rates, surface species during
etching, and volatile etch products were measured by employing
various techniques including QCM, FTIR, and QMS. Using QCM
measurements, the VO, etch rates varied from 0.05 A/cycle at 150°
C to 2.3 A/cycle at 250 °C. Mass losses were observed during both
BCl; and SE, exposures. The mass losses versus BCl; and SF, expo-
sures were also nearly self-limiting versus BCl; and SE, exposures.
VO, ALE was also visualized using TEM studies that observed the
removal of VO, ALD films on W particles.

FTIR studies were able to observe the surface species and the
loss of the VO, film during VO, thermal ALE. The initial BCl,
exposures on the VO, film were observed to convert the VO, to
B,0s;. The subsequent SF,/BCl; reactions led to the growth/loss of
absorbance at 1051 and 650 cm™*. These absorbance features were
attributed to F;V=0 and V—F stretching vibrations, respectively.
SE, fluorinates VO, to form a VOF; surface layer and then BCl;
reacts with VOF; by ligand-exchange to volatilize the VOF; surface
layer as VOCI;. Likewise, BCl; also converts some VO, to B,O;
and then the SF, exposure removes the B,O5 conversion layer.

The QMS measurements revealed that there were many
changes in the oxidation state during VO, ALE. SF, was oxidized
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during SF, exposures and various SO,F,Cl, products were observed
in oxidation states greater than 4+. SF; was also reduced all the way
to elemental Sg. VCl, and VOCI; were observed as the main
vanadium-containing etch products. VOCl; requires the oxidation
of vanadium to the 5+ oxidation state. This oxidation may be
coupled with the reduction in SF, to produce Sg species.
Trichloroboroxin (B;O;Cl;) was also observed during the BCl;
exposures. B;O;Cl; can be produced after BCl; converts VO, to
B,0; and then proceeds to etch the converted B,Os.

Thermal VO, ALE using sequential BCl; and SF, exposures
illustrates the variety of surface reactions that can define a thermal
ALE process. VO, ALE proceeded by many pathways including
conversion, ligand-exchange, and oxidation state changes. One
factor that adds to the complexity of VO, ALE is the potential of
BCl; for conversion reactions. Another factor is stable and volatile
vanadium etch products in the 5+ oxidation state that require oxi-
dation state changes from 4+ in VO, to 5+ in VOCl,.
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