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ABSTRACT: The thermal atomic layer etching (ALE) of SiO, was performed using
sequential reactions of trimethylaluminum (TMA) and hydrogen fluoride (HF) at
300 °C. Ex situ X-ray reflectivity (XRR) measurements revealed that the etch rate
during SiO, ALE was dependent on reactant pressure. SiO, etch rates of 0.027, 0.15,
0.20, and 0.31 A/cycle were observed at static reactant pressures of 0.1, 0.5, 1.0, and
4.0 Torr, respectively. Ex situ spectroscopic ellipsometry (SE) measurements were in
agreement with these etch rates versus reactant pressure. In situ Fourier transform
infrared (FTIR) spectroscopy investigations also observed SiO, etching that was
dependent on the static reactant pressures. The FTIR studies showed that the TMA
and HF reactions displayed self-limiting behavior at the various reactant pressures. In
addition, the FTIR spectra revealed that an Al,O;/aluminosilicate intermediate was
present after the TMA exposures. The Al,O;/aluminosilicate intermediate is
consistent with a “conversion-etch” mechanism where SiO, is converted by TMA
to Al,O3, aluminosilicates, and reduced silicon species following a family of reactions
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represented by 3SiO, + 4Al(CH,); — 2A1,0; + 3Si(CH,),. Ex situ X-ray photoelectron spectroscopy (XPS) studies confirmed
the reduction of silicon species after TMA exposures. Following the conversion reactions, HF can fluorinate the Al,O; and
aluminosilicates to species such as AlF; and SiO,F,. Subsequently, TMA can remove the AlF; and SiO,F, species by ligand-
exchange transmetalation reactions and then convert additional SiO, to Al,O;. The pressure-dependent conversion reaction of
SiO, to Al,O; and aluminosilicates by TMA is critical for thermal SiO, ALE. The “conversion-etch” mechanism may also provide

pathways for additional materials to be etched using thermal ALE.
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I. INTRODUCTION

Silicon dioxide (SiO,) is the most abundant mineral in the
Earth’s crust. SiO, is also an important semiconductor material.
SiO, has many uses, such as for a gate oxide, interlayer
dielectric or spacer, in semiconductor devices. SiO, etching is
needed for multiple steps during semiconductor manufactur-
ing." The progressive miniaturization of semiconductor devices
to sub-10 nm dimensions has imposed more demanding
requirements on etching. As device structures become
increasingly smaller and more complex, high precision etching
is necessary at the sub-1 nm level using atomic layer etching
(ALE) methods.”

There are many approaches for SiO, etching using HF/H,0
solutions, HF/H,O vapor mixtures, and halogen plasmas.
Etching SiO, in aqueous HF solutions is one of the oldest and
useful SiO, etching methods.” The overall chemical reaction
during SiO, etching in HF solutions is SiO, + 6HF — H,SiF, +
2H,0."> The mechanism of SiO, etching in HE solutions
involves the progressive fluorine replacement of hydroxyl
groups on Si—OH silanol surface species using HF or HF,™ to
form Si—F surface species.*™® H,O or HF can also break the
Si—O-Si siloxane linkage in SiO, to produce additional Si—OH
silanol and Si—F surface species.

-4 ACS Publications  © 2017 American Chemical Society

SiO, can also be etched by HF/H,O in the gas phase. The
gas phase approach is an extension of the solution phase
approach and occurs when H,O and HF are present at
pressures sufficient to form a condensed HF/H,O layer on the
SiO, surface.”” H,0 is essential for HF etching of SiO,.” Vapor
phase SiO, etch rates are in agreement with the etch rates
expected from the composition of the condensed HF/H,O
layer present at the given HF and H,O partial pressures.” The
chemistry of vapor phase SiO, etching is the same as observed
in aqueous HF solutions. In addition, H,SiF is removed by the
reaction H,SiFs — SiF, + 2HE.

Fluorocarbon-based plasma etching can also be employed for
SiO, etching.'’'* F atoms in the plasma have been identified
as the active etching reactant. SiF, has been detected as the
main Si-containing reaction product. Fluorocarbon plasmas are
also used in newly developed plasma ALE methods based on an
Ar plasma producing low energy Ar" ions together with a
periodic fluorocarbon-based plasma exposure.'”'* The fluo-
rocarbon-based plasma deposits a fluorocarbon layer on the
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SiO, surface. The Ar' ion bombardment then desorbs the
fluorocarbon layer and also removes a controlled amount of the
SiO, layer.

Thermal ALE processes have been introduced recently for
Al,O;, HfO,, ZrO,, AlF;, and AIN ALE based on sequential
fluorination and ligand-exchange reactions.””™>” In these
thermal reactions, the metal oxide is first fluorinated to
produce the metal fluoride.'”'”** The metal fluoride is then
removed by a metal precursor in a ligand-exchange trans-
metalation reaction.'”'”** In this ligand-exchange reaction, the
metal precursor accepts fluorine from the metal fluoride and
donates one of its ligands to the metal fluoride. The resulting
reaction product formed from the metal fluoride can then
desorb from the surface if this metal species is stable and
volatile.”*

In this paper, a new gas-phase thermal SiO, ALE process is
reported based on sequential exposures of AlI(CHj,),
(trimethylaluminum (TMA)) and HF. SiO, film thicknesses
were measured versus number of ALE cycles using ex situ
spectroscopic ellipsometry to obtain the SiO, etching rates.
These studies determined the linearity of the SiO, etching and
the dependence of the SiO, etching on the TMA and HF
reactant pressures. Ex situ X-ray photoelectron spectroscopy
(XPS) measurements were also employed to determine the
silicon oxidation state after the TMA and HF reactions. In
addition, in situ Fourier transform infrared (FTIR) spectros-
copy measurements were used to measure the loss of
absorbance from Si—O stretching vibrations and to monitor
the surfaces species present after each TMA and HF exposure
at various pressures.

Recent studies of ZnO ALE using TMA and HF as the
reactants have revealed a new “conversion-etch” reaction
mechanism where a ZnO surface layer is converted to an
AL Oy surface layer and volatile Zn(CH;), reaction products
during the TMA exposure.”” In this investigation, the FTIR and
XPS studies determined that there was a similar conversion of
SiO, to AlL,O; by TMA. The observation of Al,O,,
aluminosilicate species, and silicon in reduced oxidation states
established that the “conversion-etch” mechanism also occurs
for SiO, ALE. In addition, the reactant pressures were critical
for SiO, ALE and larger etch rates occurred at higher reactant
pressures. The generality of the “conversion-etch” mechanism
could expand the number of materials that can be etched using
thermal ALE methods.

Il. EXPERIMENTAL SECTION

1. Static Reactor, Silicon Wafers, and Ex Situ Film Analysis.
ALE reactions were performed in a hot wall ALD reactor.”* A
proportional-integral-derivative (PID) temperature controller (2604,
Eurotherm) maintained the reaction temperature at 300 °C. A
capacitance manometer (Baratron 121A, MKS) monitored the
pressure in the reactor. The starting SiO, substrate was a thermal
SiO, layer with a thickness of 40 nm on Si(100) wafers with a diameter
of 100 mm (University Wafer). The silicon wafers were cut into
samples with dimensions of 2.5 cm X 2.5 cm before the SiO, ALE.

The SiO, ALE reactions were accomplished using sequential static
exposures of TMA (97%, Sigma-Aldrich) and HF derived from HF—
pyridine (70 wt % HF, Sigma-Aldrich). HF—pyridine was transferred
to a gold-plated stainless steel bubbler using a dry N,-filled glovebag.
The TMA and HF—pyridine precursors were held at room
temperature. Each reactant exposure consisted of a static dose of 20
s followed by a purge of 120 s with 550 sccm of ultrahigh purity
(UHP) N,. The total N, gas flow of 550 sccm produced a base
pressure of ~2 Torr in the reactor during the purge steps. The N,,

precursor, and reaction byproducts were pumped by a mechanical
pump (Pascal 2010SD, Alcatel Adixen).

The ex situ X-ray reflectivity (XRR) scans were measured by a high
resolution X-ray diffractometer (Bede D1, Jordan Valley Semi-
conductors) using Cu Ka (4 = 1.540 A) radiation. The filament
voltage and current in the X-ray tube were 40 kV and 35 mA,
respectively. A S arcsec step size and a 10 s acquisition time were used
for recording all XRR scans with a range of 300—4500 arcsec. The
analysis software (Bede REFS, Jordan Valley Semiconductors)
determined film thickness, film density, and surface roughness by
fitting the XRR scans.

Ellipsometry was performed using a spectroscopic ellipsometer (J.
A. Woollam M-2000D). This ellipsometer has a spectral range of 240—
1700 nm and utilizes an incidence angle of 75°. A Cauchy model was
used to determine the film thickness. This modeling was performed
using analysis software (CompleteEASE, J. A. Woollam). SiO, film
thicknesses were measured at the same position on each silicon sample
before and after etching.

Thermal SiO, layers with a thickness of 40 nm on Si(100) wafers
(University Wafer) were used for XPS analysis to determine the
surface species after TMA-only and TMA/HF exposures. These SiO,
samples were exposed to 8 Torr of TMA for S min or 8 Torr of TMA
for 5 min followed by 4 Torr of HF for 10 min. After the static reactant
exposures, the samples were immediately transferred to a PHI 5600 X-
ray photoelectron spectroscopy (XPS) spectrometer to analyze the
films. A SiO, sample without TMA or HF exposures was also analyzed
with XPS.

A monochromatic Al Ka X-ray source (1486.6 eV) was used to
collect survey scans with a pass energy of 93.9 eV and step size of
0.400 eV. An XPS software package (Auger Scan, RBD Instruments)
was used to collect the XPS spectra. Casa XPS software (Casa XPS,
Casa Software) was used for peak analysis of the C 1s, O 1s, Si 2p, Al
2p, and F 1s XPS signals. All peaks were calibrated to the C 1s peak
centered at 284.8 eV.

The oxidation state of Si was determined through fitting the Si 2p
peak profile using Gaussian—Lorentzian line shapes after a Shirley
background subtraction. XPS analysis of the SiO, control sample was
used to determine the Si 2p binding energy position and full width at
half maximum (fwhm) of the 4+ oxidation state peak. The binding
energy (104.3 eV) and fwhm (2.1 eV) of the 4+ oxidation state were
imposed in the fittings of the TMA-only and TMA/HF exposed
samples. The binding energy positions for the 3+, 2+, 1+, and 0
oxidation states were defined as —1, —2, —3, and —4 eV with respect to
the 4+ peakzs’m The fwhm values of the 3+, 2+, 1+, and 0 oxidation
states were set to 1.2 + 0.1, 1.1 &+ 0.1, 1.0 = 0.1, and 1.0 & 0.1 &V,
respectively.”> ™’

2. In Situ Fourier Transform Infrared (FTIR) Spectroscopy
Studies. The surface chemistry during sequential exposures of TMA
(97%, Sigma-Aldrich) and HF derived from HF—pyridine (70 wt %
HF, Sigma-Aldrich) on SiO, at 300 °C was studied using in situ FTIR
spectroscopy. The in situ FTIR studies were performed in a reactor
equipped with an FTIR spectrometer that has been described
previously.”® The FTIR experiments utilized high surface area Si
nanoparticles (>98%, US Research Nanomaterials) with an average
diameter of 20—30 nm. The large surface area provided by the
nanopowder sample improved the signal-to-noise ratio for infrared
absorption. The Si nanoparticles were mechanically pressed into a
tungsten grid support to facilitate the transmission FTIR measure-
ments.”’ The tungsten grid was 2 X 3 cm?, 50 um thick, with 100 grid
lines per inch.

The tungsten grid could be resistively heated using a dc power
supply (6268B, 20 V/20 A, Hewlett-Packard). The voltage output of
the power supply was controlled by a PID temperature controller
(Love Controls 16B, Dwyer Instruments). A type K thermocouple was
attached to the bottom of the tungsten grid with epoxy (Ceramabond
571, Aremco) that attached and electrically isolated the thermocouple.
To create a uniform SiO, surface, the Si nanoparticles were annealed at
650 °C for 1 h under ~25 Torr of H,O vapor.

Figure la shows the absolute FTIR spectra of the SiO, coating on
the Si nanoparticles before and after the H,O oxidation process.
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Figure 1. (a) Absolute FTIR spectra of silicon particles with a SiO,
coating before and after oxidation with ~25 Torr H,O at 650 °C for 1
h. (b) TEM image of a silicon nanoparticle with a ~3.5 nm thick SiO,
coating after the H,O thermal oxidation.

Distinctive absorption features for the unannealed sample are observed
in four frequency regions: 835—1250 cm™, 2080—2260 cm ™, 2855—
2930 cm™, and 3250—3750 cm™". The strong and broad absorption
bands between 835 and 1250 cm™ are consistent with the TO/LO
modes that arise from Si—O symmetric and asymmetric stretching
vibrations.>* The absorption bands observed between 2080 and 2260
em™! are attributed to SiH, and SiO,H,_, species.’' > Absorption
bands between 2855 and 2930 cm™ are attributed to the C—H
stretching vibrations of adventitious hydrocarbons. The broad
absorption feature observed between 3250 and 3750 cm™' is
consistent with isolated and hydrogen bonded Si—OH species.
These results are in agreement with a partially oxidized hydrogen-
terminated silicon surface.

After thermal oxidation with H,O, evidence of silicon oxidation is
observed in each distinctive absorption band. Between 83$ and 1250
cm™, large absorbance gains are observed that are consistent with the
addition of bulk Si—O-Si stretching vibrations. These results are
consistent with previous studies that have demonstrated the formation
of a thermal oxide layer on silicon surfaces exposed to water vapor at
elevated temperatures.‘%’35 Furthermore, a distinct blue shift from
1045 to 1065 cm™ and from 1160 to 1245 cm™' is observed for the

TO/LO modes after thermal oxidation. This behavior has been
observed previously and is related to the stoichiometry of the SiO,
film. As more oxygen is incorporated into the film, a more
electronegative environment leads to shorter Si—O bonds lengths
and higher stretching frequencies.*

The disappearance of the vibrational features between 2080 and
2260 cm™! is attributed to Si—H removal via H, evolution. H,
desorption has been shown to occur on hydrogen-covered Si surfaces
at 325625 °C.***” Thermal Si—H removal results in Si surface
dangling bond sites that are susceptible to oxidation.***** Absorption
features between 2855 and 2930 cm™' are also lost due to the
volatilization of the carbon contaminants in the oxidizing environment.
Lastly, there is an absorbance gain observed at 3750 cm™ that is
attributed to the formation of isolated Si—OH species. Previous studies
have also observed the formation of isolated Si—OH species during
oxidation of hydrogen-passivated silicon surfaces.*”

This H,O thermal oxidation procedure consistently removed any
carbon-related vibrational modes and resulted in a SiO, coating on the
Si nanoparticles with absorbances attributed only to the O—H
hydroxyl stretching vibrations and bulk SiO, vibrational features.
Transmission electron microscopy (TEM) analysis was utilized to
confirm the presence of the SiO, coating on the Si nanoparticles.
Figure 1b shows the TEM image of an annealed silicon nanoparticle
with a SiO, coating with a thickness of ~3.5 nm. The SiO, coating is
very uniform and conformal on the Si nanoparticle.

lll. RESULTS AND DISCUSSION

1. 1. X-ray Reflectivity Measurements of SiO, Etching.
Figure 2 displays XRR measurements of the change in the SiO,

1.0 Torr

SiO, Thickness Change (A)

4.0 Torr

| L L L L L L e

0 20 40 60 80 100 120 140 160
Number of Cycles

40 XRR, 300°C

Figure 2. SiO, film thickness change versus number of SiO, ALE
cycles determined by X-ray reflectivity measurements at TMA/HF
pressures of 0.1, 0.5, 1.0, and 4.0 Torr. HF only experiments were also
performed using an HF pressure of 1.0 Torr.

film thickness versus ALE cycles at 300 °C for various static
reactant pressures. The reaction sequence was defined by
reactant exposures with a duration of 20 s and purges with a
duration of 120 s. This reaction sequence is designated 20—
120—20—120. The reactant pressures for the TMA and HF
exposures were the same. The initial SiO, thermal oxide film on
the silicon samples had a thickness between 390 and 397 A.
Figure 2 shows that the SiO, film thickness change versus
number of ALE cycles is linear at each reactant pressure. The
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SiO, etch rates were 0.027, 0.15, 0.20, and 0.31 A/cycle for
static reactant pressures of 0.1, 0.5, 1.0, and 4.0 Torr,
respectively. Previous results that utilized lower reactant
pressures of ~0.08 Torr in a viscous flow mode showed no
SiO, etching by TMA and HF at 300 °C."® The larger SiO,
etch rates observed at higher precursor pressures suggest a
pressure-dependent reaction mechanism for SiO, ALE.
Control experiments were also performed using only HF
exposures of 1.0 Torr. The results in Figure 2 indicate that HF
exposures by themselves resulted in negligible etching of the
SiO, film at 300 °C. These results are consistent with earlier
results that concluded that HF alone cannot etch SiO,.”” H,0
vapor needs to be present together with HF for SiO, etching.
2. Spectroscopic Ellipsometry Measurements of SiO,
Etching. Figure 3 displays SE measurements of the change in

g 0 — X ~ ® ——+ —*HFonly
g -5-: R

S .
e -107
© ]

»n -154

3 :
S -201 0.5 Torr
o ] 1.0 Torr
I-E -25—:

N ]
O -30-
n 4.0 Torr

-354SE, 300°C
l T

| L L L L L L
0 20 40 60 80 100 120 140 160
Number of Cycles

Figure 3. SiO, film thickness change versus number of SiO, ALE
cycles determined by spectroscopic ellipsometry measurements at
TMA/HEF pressures of 0.1, 0.5, 1.0, and 4.0 Torr. HF only experiments
were also performed using an HF pressure of 1.0 Torr.

the SiO, film thickness versus ALE cycles at 300 °C for various
static reactant pressures. The reaction sequence was defined by
reactant exposures with a duration of 20 s and purges with a
duration of 120 s. The reactant pressures for the TMA and HF
exposures were the same. The initial SiO, thermal oxide film on
the silicon samples had a thickness between 390 and 397 A.

Figure 3 shows that the SiO, film thickness change versus
number of ALE cycles is linear at each reactant pressure. The
etch rates were 0.07, 0.17, 0.18, and 0.27 A/cycle for static
reactant pressures of 0.1, 0.5, 1.0, and 4.0 Torr, respectively.
The etch rates from the SE measurements are in good
agreement with the etch rates from the XRR measurements.
Control experiments were also performed using only HF
exposures of 1.0 Torr. The results in Figure 3 demonstrate that
only HF exposures lead to negligible SiO, etching.

3. FTIR Spectroscopy Measurements of SiO, Etching.
Figure 4 displays the absolute FTIR spectra from 700 to 1500
cm™ for Si particles covered with a SiO, coating during static
TMA and HF exposures at 0.5, 1, and 4 Torr at 300 °C. Each
reactant exposure consisted of a static dose at the specified
pressure for 30 s followed by a 240 s purge. The most
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Figure 4. Absolute FTIR spectra showing the absorbance loss from
Si—O stretching vibrations between 700 and 1500 cm™" versus SiO,
ALE cycles at TMA/HF pressures of 0.5, 1.0, and 4.0 Torr at 300 °C.

prominent vibrational features are attributed to the transverse
optical (TO) and longitudinal optical (LO) modes arising from
asymmetric Si—O stretching vibrations of SiO, tetrahedra at
1065 and 1230 cm™, respectively.’® The less intense peak at
820 cm™ is attributed to the corresponding TO and LO modes
arising from symmetric Si—O stretching vibrations.”” The
absorbance features from the Si—O stretching vibrations
decrease progressively versus the number of ALE cycles. An
absorbance feature also appears at 1275 cm™" after the first
TMA exposure that is attributed to a deformation mode of Si—
CH; surface species.”” This result is consistent with previous
studies that have observed the formation of Si—CHj species
during reactions of TMA with SiO, surfaces.*' ™"

The FTIR spectra in Figure 4 were recorded after the TMA
exposures. The first S0 cycles consisted of static reactant
exposures at 1 Torr and showed a progressive loss of the
absorbance for the Si—O stretching vibrations versus the
number of ALE cycles. The nanoparticles were subsequently
exposed to 30 cycles of static reactant exposures at 4 Torr and
then 30 cycles of static reactant exposures at 0.5 Torr. The
absorbance change per cycle of the Si—O stretching vibrations
increased significantly at 4 Torr. This more rapid absorbance
change indicates a larger SiO, etch rate at the higher reactant
pressure. The absorbance change per cycle then decreased
during the subsequent 0.5 Torr static exposures.

The absolute integrated absorbances of the asymmetric Si—O
stretching vibrations between 900 and 1400 cm™" versus ALE
cycle number are plotted in Figure 5. At each pressure, the
absorbance decreases linearly versus sequential TMA and HF
exposures. AAbs/cycle values of —1.1, —1.9, and —3.6 are
obtained for reactant pressures of 0.5, 1, and 4 Torr,
respectively. These results are in agreement with the ex situ
XRR and SE measurements that revealed larger SiO, etch rates
at higher reactant pressures.

The etch rates and absorbance losses per cycle versus
reactant pressure obtained by XRR, SE, and FTIR measure-
ments are plotted in Figure 6. The relative etch rates
determined by XRR and SE measurements at various reactant
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Figure S. Absolute integrated absorbance of the Si—O stretching
vibrations between 900 and 1400 cm™' versus ALE cycle number at
TMA/HF pressures of 0.5, 1.0, and 4.0 Torr. The integrated
absorbance change per cycle was —1.1, —1.9, and —3.6 at pressures
of 0.5, 1.0, and 4.0 Torr, respectively.
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Figure 6. Etch rates from the XRR measurements in Figure 2 and the
SE measurements in Figure 3 compared with the absorbance loss
versus cycle from Figure S versus reactant pressure.

pressures are in good agreement with the absorbance loss per
cycle determined using FTIR spectroscopy. All of the
measurement techniques showed that the etch rate increases
up to 1 Torr and then begins to level off at higher pressures.
The leveling off of the etch rate at higher pressures suggests a
diffusion-limited process similar to the oxidation of silicon
substrates.”* The surface layers formed during either the TMA
or HF reactions act as diffusion barriers. These surface layers
progressively limit the transport of reactants as the thickness of
the surface layer increases.

4. FTIR Studies of Surface Chemistry and Thin Film
Changes. The FTIR spectra can examine the surface chemistry
and thin film changes during SiO, ALE. Figure 7 displays the
FTIR difference spectra between 500 and 1700 cm™ for the
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Figure 7. Difference infrared absorbance spectra from 500—1700 cm™"

during the first TMA and HF exposures on SiO, at 300 °C. (a)
Spectrum after the first TMA exposure referenced to the spectrum for
the initial SiO, layer on the silicon particles. (b) Spectrum after the
first HE exposure referenced to the spectrum after the first TMA
exposure.

first TMA and HF exposures on SiO, at 300 °C. Each reactant
exposure consisted of a ~1 Torr static dose for 30 s followed by
a purge for 240 s. Figure 7a shows the difference spectrum
defined by the spectrum recorded after the first TMA exposure
referenced to the spectrum of the initial SiO, coating on the Si
particles (TMA — SiO,). Negative absorbance features at 975
and 1250 cm™" are observed that are consistent with the loss of
Si—OH and Si—O species, respectively.’”** These absorbance
losses are accompanied by absorbance gains at 670, 750, 845,
1212, and 1275 cm™.

The absorbance gains at 670 and 1275 cm™ in Figure 7a are
attributed to the addition of Si—CHj species.""* The
absorbance gains at 750 and 1212 cm™ are consistent with
the addition of Al-CHj; species. The absorbance gain at 845
em ™! is assigned to the formation of Al-O species.**”** The
resulting surface could contain AlO;_,(CH,), species where x =
1 or 2 and SiO,,(CH;), species where y = 1, 2, or 3. These
FITR measurements are in agreement with previous studies
that have reported that TMA chemisorbs on silica surfaces
primarily through reaction with hydroxyl groups and siloxane
bridges.*"***” TMA reactions with hydroxyl groups result in
the formation of siloxy-methylaluminum surface species and
methane. During dissociation of TMA on siloxane bridges,
methyl groups are transferred from aluminum to silicon.

Figure 7b displays the infrared difference spectrum after the
subsequent HF exposure. The Si—O—Al and Al—O vibrational
features that were added during the previous TMA exposure are
lost after the subsequent HF exposure. These absorbance losses
are accompanied by absorbance gains at 675 and 930 cm™" that
are consistent with AI-F and Si—F species, respectively.’”>’
These results suggest that the Al—O species and Si—O—Al
species formed during the TMA exposures are converted to
Al—F and Si—F species during HF exposures, respectively. The
reaction of HF with Al,O; to produce AlF; has been observed
in previous ALE studies.'” ™"’ This reaction occurs as
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Al,O; + 6HF — 2AIE + 3H,0 (1)

Thermochemical calculations indicate that this reaction is
spontaneous at 300 °C with a Gibbs free energy value of AG =
—41.1 keal>

Figure 8 shows the FTIR difference spectra between 500 and
1700 cm™' for two consecutive. TMA and HF exposures
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Figure 8. Difference infrared absorbance spectra from 500 to 1700
cm™' during the sixth ALE cycle at 300 °C. (a) Spectrum after the
sixth TMA exposure referenced to the spectrum after the fifth HF
exposure. (b) Spectrum after the sixth HF exposure referenced to the
spectrum after the sixth TMA exposure.

recorded during the sixth ALE cycle at 300 °C. These difference
spectra are referenced using the spectra after the previous
reactant exposure and are displaced for clarity in presentation.
Each reactant exposure consisted of a ~1 Torr static dose for
30 s followed by a purge for 240 s. Figure 8a displays the
difference spectrum after the TMA exposure referenced to the
spectrum collected after the previous HF exposure (TMA —
HE).

After TMA exposures, a broad absorbance loss is observed at
675 cm™" that is consistent with the removal of Al—F stretching
vibrations.”" Etching of AIF; has been observed between 250
and 300 °C using TMA.'®'? The etching of AlF; is consistent
with the reaction

AIE + 2AI(CH,), — 3AIF(CH,), @)

In this ligand-exchange reaction, TMA accepts fluorine from
the AIF; surface layer to form volatile AIF(CHj;), species.
AIF(CH,;), is stable and has been shown to have a vapor
pressure of 80 Torr at 100 °C.>’ Methyl groups from TMA are
also transferred to the AIF; surface layer to form additional
volatile AIF(CHj;), reaction products. This ligand-exchange
reaction removes Al—F species from the surface.

Negative absorbance features are also observed in Figure 8a
at 1065 and 1220 cm™ that are consistent with the loss of Si—
O asymmetric stretching vibrations.”® These absorbance losses
are accompanied by absorbance gains at 845 and 1000 cm™
that are attributed to the addition of Al-O and Al-O-Si

o o 1o 46—48,54,55
stretching vibrations, respectively. ’ These absorbance

changes are consistent with the reaction of TMA with SiO, to
form Al,O; and aluminosilicate surface species. The reaction of
TMA with SiO, to form Al,O; could occur according to

4Al(CH,), + 3Si0, — 2Al,0; + 3Si(CH,), (3)

This reaction is predicted to be spontaneous with a Gibbs free
energy change of AG = —235 kcal/mol at 300 °C.>* The
reaction between TMA and SiO, has also been computed to be
thermodynamically favorable using density functional theory
methods.*®

Infrared analysis, temperature-programmed desorption, and
X-ray photoelectron spectroscopy have also been used to
analyze the Si—methyl and Al—methyl surface species that
result from the chemisorption of TMA on SiO,. Above 175 °C,
the aluminum alkyl surface complex has been shown to
decompose, yielding more methyl groups bonded to silicon. At
325 °C, Si—CHj species were observed to react further to form
volatile tetramethylsilane (Si(CH,),) as suggested in eq 3.*'

Previous studies have also investigated the reaction of Al with
$i0,.>"~* Aluminum films deposited on thermally grown SiO,
surfaces have been shown to reduce SiO, and yield Al,O; and
Si according to

4Al + 38i0, — 2AlL,0; + 3Si 4)

This reaction is thermodynamically favorable with a Gibbs free
energy value of AG = —68 kcal/mol at 300 °C.>? There are
similarities between the reactions of TMA and Al with SiO,.
During thermal ALE, TMA may act like metallic aluminum to
produce AL,O; as expected for thermite reactions.”’

Figure 8b shows the absorbance changes after a subsequent
HF exposure. An absorbance gain at 675 cm™' is accompanied
by absorbance losses at 845 and 1000 cm™. These results are
similar to those observed in Figure 7b and are consistent with
HF exposures acting to fluorinate the Al,O;/aluminosilicate
layer formed during TMA exposures. This fluorinated layer can
then be removed during subsequent TMA exposures. TMA can
also act to further displace silicon at the surface to form a new
Al,O;/aluminosilicate layer that can then be etched during the
subsequent ALE cycle.

5. FTIR Studies of Self-Limiting Behavior and Pressure
Dependence. The self-limiting behavior of the TMA and HF
reactions at a given reactant pressure was determined by
monitoring the absorbance changes for the Si—O stretching
vibrations between 1050 and 1225 cm™' during TMA
exposures and the AI-F stretching vibrations between 550
and 750 cm™" during HF exposures. Figure 9 examines the self-
limiting behavior of the SiO, ALE reactions with TMA and HF
at 300 °C. Each data point was collected after a ~0.5 Torr static
dose for 5 s.

Figure 9a displays the normalized integrated absorbance
change for the Si—O stretching vibration between 1050 and
1225 cm™ after TMA exposures. Self-limiting behavior is
observed after a TMA exposure of 15 Torr s. The surface
Al,0O;/aluminosilicate layer acts as a diffusion barrier that limits
Al diffusion through the layer to reach unreacted SiO,. Figure
9b shows the normalized integrated absorbance change for the
Al—F stretching vibrations between 550 and 750 cm™" after HF
exposures. Self-limiting behavior is observed after a HF
exposure of 10 Torr s. The self-limiting behavior is consistent
with the fluorination of the Al—O species that were added
during previous TMA exposures. After all of the Al-O species
are converted to Al—F species, no further reaction occurs.
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Figure 9. (a) Normalized integrated absorbance of the Si—O
stretching vibration between 1050 and 1225 cm™' during the TMA
exposure. (b) Normalized integrated absorbance of the AI-F
stretching vibration between S50 and 750 cm™! during the HF
exposure.

FTIR studies also observed the absorbance changes at
different reactant pressures. Figure 10 displays the FTIR
difference spectra between 450 and 1450 cm™" for increasing
TMA pressures at 300 °C. The difference spectra are referenced
to the previous HF exposure. This previous exposure consisted
of a ~1 Torr static HF dose for 30 s. Figure 10a was obtained
after a self-passivating reaction with a TMA static exposure of
0.5 Torr. The resulting vibrational features are similar to those
presented in Figure 8. The TMA exposure of 0.5 Torr shows
the loss of Al-F species at 675 cm ™" and Si—O—Si species at
1220 cm™. Absorbance gains are also observed at 845 and 1000
cm™" that are consistent with the addition of Al—O and Si—O—
Al species.

Figure 10b and Figure 10c show the resulting difference
spectra when the TMA reactant pressure is increased to 1.0 and
4.0 Torr, respectively. These difference spectra were recorded
after self-passivating reactions with TMA static exposures of 1.0
and 4.0 Torr, respectively. Little change is observed in the AI-F
vibrational region. This behavior suggests that AI-F species are
removed from the surface before Al reacts with the underlying
SiO, layer. Further absorbance loss at 1220 cm™ and
absorbance gains at 845 and 1000 cm™' are consistent with
additional conversion of Si—O species to Al-O species at the
higher TMA pressures.
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Figure 10. Difference infrared absorption spectra between 450 and
1450 cm™ for increasing TMA pressures of (a) 0.5, (b) 1.0, and (c)
4.0 Torr at 300 °C. Difference spectra are referenced to the spectrum
after the previous HF exposure at 1 Torr for 30 s.

Figure 11 shows the FTIR difference spectra between 450—
1450 cm™' for increasing HF pressures at 300 °C. The
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Figure 11. Difference infrared absorption spectra between 450 and
1450 cm™" for increasing HF pressures of (a) 0.5. (b) 1.0. and (c) 4.0
Torr at 300 °C. Difference spectra are referenced to the spectrum after
the previous TMA exposure at 1 Torr for 30 s.

difference spectra are referenced to the previous TMA
exposure. This previous exposure consisted of a ~1 Torr static
TMA dose for 30 s. Figure 1la was obtained after a self-
passivating reaction with a HF static exposure of 0.5 Torr. The
HEF exposure of 0.5 Torr causes absorbance losses at 845 and
1000 cm™' and absorbance gains at 675 and 955 cm™'. These
absorbance changes are consistent with the conversion of Al-O
and Si—O—Al species to AlI-F and Si—F species, respectively.
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Figure 11b was collected after a self-passivating HF reaction
when the HF pressure was increased to 1.0 Torr. Figure 11c
was recorded after a self-passivating reaction when the HF
pressure was increased further to 4.0 Torr. These spectra show
additional Al-O and Si—O—Al to Al-F and Si—F conversion
in each absorbance region at the higher HF pressures. The
absorbance changes observed after the HF exposure at 4.0 Torr
are much less than the absorbance changes observed after the
HF exposures at 0.5 and 1.0 Torr. These results are consistent
with a self-passivating fluorination reaction.

The self-passivating Al,O;/aluminosilicate and fluoride
surface layers are similar to the self-passivating oxide layers
that form on metal®"* or silicon****** surfaces and protect the
metal or silicon surfaces from further oxidation. These self-
passivating reactions can be understood in terms of diffusion-
limited growth. The surface layers act as diffusion barriers that
limit the conversion and fluorination reactions. Diffusion-
limited growth has been described earlier in the classic Deal—
Grove treatment of silicon oxidation.**

In the Deal—Grove approach,‘?’4 the flux of reactants, F, is
dependent on the concentration gradient across the SiO,
surface layer according to

F=D(C, - C)/x ()

where D is the diffusion coeflicient, C, is the concentration of
reactants on the SiO, surface, C, is the concentration of
reactants at the SiO,/Si interface, and x is the thickness of the
SiO, surface layer. Solution of the diffusion equations reveals
that the thickness of the SiO, surface layer will increase
parabolically versus time and display self-passivating behavior at
longer times.™*

The larger amounts of conversion and fluorination at higher
pressures can also be understood in terms of diffusion-limited
growth. The pressure dependence of the thickness is
determined by C,, the concentration of reactants on the
surface. C, is defined by the reactant pressure, P, and the
Henry’s law constant, H, according to C, = HP. Higher
pressures lead to higher surface reactant concentrations. These
higher concentrations produce larger concentration gradients
across the surface layer and thicker surface layers.

6. XPS Studies of Silicon Oxidation State after TMA
and HF Reactions with SiO,. The reaction of TMA with
SiO, given by eq 3 reduces silicon because CHj; is much less
electronegative than oxygen. The CH; group has an electro-
negativity of y = 2.525.°° In contrast, oxygen has an
electronegativity of y = 3.5. The reaction of TMA with SiO,
will lead to more electron density on silicon in the
$i0,_,(CHj), suboxide products.

The reduction of SiO, and formation of Al,O;/aluminosi-
licates after TMA exposure were observed by ex situ XPS
analysis. Figure 12 displays the Si 2p XPS spectra of (a) bare
Si0,, (b) SiO, after an 8 Torr TMA exposure for S min at 300
°C, and (c) SiO, after an 8 Torr TMA exposure for S min
followed by a 4 Torr HF exposure for 10 min at 300 °C. The
higher reactant pressures and exposure times were chosen to
ensure that changes in the surface species were detectable by
XPS analysis.

The Si 2p peaks in Figure 12 were deconvoluted into silicon
oxidation states of 4+, 3+, 2+, 1+, and 0. The fits were
constrained by the fwhm and binding energies of the individual
Si oxidation states as described in section IL1. The binding
energies of the silicon oxidation states of 4+, 3+, 2+, 1+, and 0
are shown by the dashed lines in Figure 12.°~*" Figure 12a

80004 Si 2p
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Figure 12. XPS results for the Si 2p peak from (a) initial SiO, film, (b)
SiO, film after TMA exposure, and (c) SiO, film after TMA and HF
exposures. The dashed lines correspond to the 4+, 3+, 2+, 1+, and 0
oxidation states for the Si 2p peak.

depicts the SiO, control sample with a broad peak at 104.3 eV.
This peak position is consistent with literature values for SiO,
and silicon atoms in the Si*" oxidation state.*®

Figure 12b shows the results after the TMA exposure. The Si
2p peak shifts to lower binding energies centered around 102.5
eV that is composed of 3+, 2+, and 1+ oxidation states. The
disappearance of the 4+ oxidation state indicates the TMA
exposure reduces the Si*' in SiO, into Si suboxides. As
suggested by the reaction in eq 3, these silicon suboxides may
be SiO,(CH;), SiO,(CHj;),, and SiO(CHj), surface species.

Figure 12c displays the XPS results for the Si 2p peak after
sequential TMA and HF exposures. The HF exposure shifts the
Si 2p peak back to higher energies and can be deconvoluted
into silicon oxidation states of 4+, 3+, and 2+. These higher
silicon oxidation states are consistent with HF reacting with
SiCHj surface species according to SiCH; + HF — SiF + CH,.
This reaction could form SiFO;, SiFO,(CHj;), and SiFO(CH,;),
surface species with silicon oxidation states of 4+, 3+, and 2+,
respectively. These higher oxidation states are expected because
fluorine has a high electronegativity of y = 4.0. In addition,
Figure 12c also displays a higher energy peak at 108.8 eV. This
higher energy peak can be attributed to a shake-up satellite
peak.®” Shake-up satellite peaks can occur when the emitted
photoelectron excites an ion. These shake-up peaks from Si 2p
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can be observed when Si is present in a siloxane polymer
structure.”’

The reduction of SiO, and formation of Al,O;/aluminosi-
licates after TMA exposure were also monitored by XPS
analysis of the Si 2p XPS spectra after a 4 Torr TMA exposure
on SiO, for 20 s at 300 °C. The Si 2p XPS spectra displayed a
shift from the 4+ oxidation state for SiO, to a distribution of
4+, 3+, 24, and 1+ oxidation states after the TMA exposure.
The peak of the spectrum occurred at the 3+ oxidation state
compared with a peak at the 2+ oxidation state for the TMA
exposure at 8 Torr shown in Figure 12b. The Si 2p XPS
spectrum after a 4 Torr TMA exposure on SiO, for 20 s
followed by a 4 Torr HF exposure for 20 s at 300 °C displayed
a shift back to higher oxidation states similar to the results
shown in Figure 12c.

The Al 2p XPS peak was also consistent with the formation
of AL,O; at the surface after TMA exposure. Figure 13a and
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Figure 13. XPS results for the Al 2p peak from (a) SiO, film after
TMA exposure and (b) SiO, film after TMA and HF exposures. These
XPS spectra were obtained from the same samples as shown in Figure
12. The dashed line corresponds to the binding energy for Al in Al,O;.

Figure 13b show the Al 2p XPS spectra after the TMA exposure
and after sequential TMA and HF exposures, respectively.
These XPS spectra were obtained from the same samples as
shown in Figure 12. Figure 13a displays a peak at 74.3 eV after
the TMA exposure that corresponds to the formation of Al,O,
or aluminosilicates.”*®® There is also a smaller shoulder on this
peak at ~72 eV that corresponds to more metallic Al. This peak
may result from some TMA decomposition.”’

Figure 13b shows that the Al 2p XPS peak shifts to higher
binding energies after sequential TMA and HF exposures. The
broader peak at ~76 eV is consistent with the fluorination of
ALO,.%® This peak may be composed of AlF; at 77 €V and
oxyaluminum fluoride species at lower energies.”*® Oxygen is
less electronegative and will not shift the Al 2p binding energy
as much as fluorine.

7. Mechanism for SiO, ALE and Future Possibilities. A
simplified schematic for the proposed SiO, ALE chemistry
during the sequential TMA and HF exposures on SiO, is

shown in Figure 14. After the first TMA and HF exposures,
subsequent TMA exposures react with the AlF; species on the

AIF,(CHy);
Sin(CH3)4-x
TMA

F F CH; F
AlF; / Silicate
Al,O, / Silicate

HF

HO

Figure 14. Schematic of the proposed reaction mechanism for SiO,
ALE showing the sequential TMA and HF reactions.

SiO, substrate to form volatile AIF(CHj,), etch products. After
removal of the AIF; species, TMA reacts with the underlying
SiO, to form AlL,O; and aluminosilicates with the possible
release of Si(CH;), or Si(CH;),F,_,, as volatile reaction
products. Mass spectrometry studies are required to confirm
the volatile reaction products. In addition, suboxides such as
AlO;_,(CHj3), where x = 1 or 2 and SiO,_,(CH;), where y = 1,
2, or 3 may be present in the surface layer.

The subsequent HF exposures converts the Al,O; and
aluminosilicates to AlF; and releases H,O as a volatile reaction
product. The AlO,;_,(CH;), and SiO4_y(CH3)y suboxides may
also lead to the formation of CH, during the HF exposure.
Moreover, silicon species such as SiFO; SiFO,(CHj;), and
SiFO(CHj;), may be produced in the near surface layer. The
shake-up satellite XPS peak from Si 2p also suggests that the Si
may be in polymer structures similar to siloxane.

The basics of this mechanism are similar to the recently
observed “conversion-etch” mechanism for ZnO ALE.*”® For
ZnO ALE, TMA exposures converted ZnO to Al,O;. HF
exposures then fluorinated the Al,Oj; to AlF;. Subsequent TMA
exposures removed the AIF; and converted more ZnO to
ALO,> ZnO ALE by the “conversion-etch” mechanism
occurred at lower reactant pressures of 60—80 mTorr. In
contrast to the results for SiO, ALE, higher reactant pressures
of >0.1 Torr were not required for ZnO ALE.

The lower pressures for ZnO ALE suggest that “conversion-
etch” may be more favorable for ZnO ALE than SiO, ALE.
However, thermochemical calculations do not support this
viewpoint. The free energy change for the reaction 3ZnO +
2A1(CH,); — ALO; + 3Zn(CH,), is AG = —168 keal at 300
°C.”* In comparison, the free energy change for the reaction
1.5Si0, + 2Al(CH;); — ALO; + 1.5Si(CH,), is AG = =197
keal at 300 °C.>* There must be other kinetic factors that favor
ZnO ALE by the “conversion-etch” mechanism.

The “conversion-etch” mechanism may be general and may
be realized when the metal oxide formed by the conversion
reaction is more stable than the initial metal oxide. Guidelines
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for determining the relative stability of metal oxides can be
obtained from thermochemical calculations or Ellingham
diagrams.”” Some materials may not have viable pathways for
thermal ALE because the ligand-exchange reactions may not
produce stable and volatile reaction products.”’ By converting
the initial material to a different material, the “conversion-etch”
mechanism may enlarge the number of materials that can be
etched using thermal ALE. For example, TMA is anticipated to
convert other metal oxides, such as SnO, and In,05, to AL,O,.*’
Thermal Al,O; ALE has been demonstrated using HF and
either Sn(acac), or TMA as the reactants.'” """ Likewise, TMA
is expected to convert various nitrides, such as Si;N,, to AIN.>
Thermal AIN ALE has been demonstrated using HF and
Sn(acac), as the reactants.”’

Thermal SiO, ALE also suggests a possible procedure for
thermal Si ALE. The silicon surface can first be oxidized to form
a self-passivating oxide layer on the silicon surface.”>** The
resulting SiO, layer can then be etched by the “conversion-
etch” mechanism using sequential TMA and HF exposures. By
repetition of the silicon oxidation and sequential TMA and HF
exposures, silicon should be etched with atomic layer precision.
Similar procedures may also be defined for the thermal ALE of
metals using sequential oxidation, fluorination, and ligand-
exchange reactions.

IV. CONCLUSIONS

Sequential reactions of trimethylaluminum (TMA) and hydro-
gen fluoride (HF) were employed for the thermal atomic layer
etching (ALE) of SiO, at 300 °C. The etch rates during SiO,
ALE were dependent on reactant pressures. SiO, etch rates of
0.027, 0.15, 0.20, and 0.31 A/cycle were observed at static
reactant pressures of 0.1, 0.5, 1.0, and 4.0 Torr, respectively, by
ex situ X-ray reflectivity measurements. A similar increase in
SiO, etch rate with reactant pressure was confirmed by ex situ
spectroscopic ellipsometry measurements. The pressure
dependence of the etch rate for SiO, ALE was also observed
by in situ FTIR studies. In addition, the FTIR measurements
monitored the pressure-dependent conversion of the SiO,
surface to an Al,Oj/aluminosilicate layer. Ex situ XPS
measurements also monitored the reduction of the silicon
oxidation state after the TMA reaction.

The Al,O5/aluminosilicate intermediate is attributed to the
conversion of SiO, to Al,O; and reduced silicon species by the
TMA exposure according to reactions like 3SiO, + 4Al(CH,),
— 2AL,0; + 3Si(CHj;),. The HF exposure can then fluorinate
AlL,O; to AlF; and form silicon fluoride species after this
conversion reaction. Subsequently, the next TMA exposure can
remove AlF; by a ligand-exchange transmetalation reaction and
then convert additional SiO, to Al,O; and reduced silicon
species. The sequential TMA and HF reactions lead to SiO,
ALE because the individual TMA and HF reactions display self-
limiting behavior at the various reactant pressures.

The pressure-dependent conversion reaction of the SiO,
surface to an Al,O;/aluminosilicate layer by TMA is critical for
thermal SiO, ALE. The “conversion-etch” mechanism for SiO,
ALE is observed at reactant pressures of >0.1 Torr. Other
conversion reactions will be able to transform initial materials
that cannot be etched to different materials that may have
possible etching pathways. The “conversion-etch” mechanism
will increase the number of materials that can be etched by
thermal ALE methods. Oxidation and conversion reactions may
also lead to procedures for thermal Si ALE.
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