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ABSTRACT: We have investigated the surface reaction mechanism during the atomic layer
deposition (ALD) of SiO, from 3-aminopropyl triethoxysilane (APTES), H,O, and O; using
in situ attenuated total reflection Fourier-transform infrared spectroscopy. After the chemi-
sorption of APTES on the SiO, surface, during the H,O cycle, the aminopropyl groups in
APTES catalyze the hydrolysis of ethoxy ligands, leaving the surface terminated with OH
groups—a reaction that would otherwise require an acidic or basic catalyst. O3, in the

subsequent cycle, combusts the remaining aminopropyl ligands, possibly producing combus-

tion products such as CO, CO,, H,0, and NO,.. Among these products CO reacts with surface
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OH groups to form monodentate formates and SiH on the surface. The formates and SiH
groups produced during O3 exposure along with the OH groups produced during H,O exposure serve as the reactive sites for

APTES chemisorption, thus completing the entire ALD cycle.
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1. INTRODUCTION

SiO, is one of the most widely used dielectric materials in the
microelectronics industry.' The excellent interface' between an
ultrathin layer of SiO, and Si offers several advantages in CMOS
devices, including improved nucleation of high-« metal oxides
and a reduced equivalent oxide thickness (EOT) of the SiO,/
high-« bilayer.2 Deposition of high-k metal oxides, such as HfO,,
directly on H-terminated Si inadvertently leads to the formation
of interfacial SiO,, increasing the EOT.? An ultrathin (<0.5 nm)
and conformal SiO, film deposited by atomic layer deposition
(ALD)*® can combine the advantages of the excellent Si/SiO,
interface, improved nucleation, and a reduced EOT.* Further-
more, the ability to deposit high-quality, ultrathin, conformal
SiO; films by ALD can widen its applications in dielectric nano-
laminates for improved electrical properties,® optical coatings,”
surface passivation layers for Si-based solar cells,® and coating
of mechanical resonators in micro-/nanoelectromechanical sys-
tems to enable surface functionalization.’

Numerous thermal and plasma-assisted ALD processes have
been developed for metal oxides. There are several studies of
SiO, ALD as well reported in the literature, but it remains one
of the most challenging materials to deposit via this process.
Some of the common inorganic and organic Si sources used in
the ALD of SiO, include SiCl,,'° SiH,CL,"! Si(N(CH;),),, "
and Si(NCO),."> However, these precursors produce corrosive
by-products such as HCL'* require long precursor exposure
times at =300 "C,ll’13 and lead to residual C and/or N
contamination.'” Another self-limiting SiO, deposition method
known as rapid ALD, which provides a growth per cycle of
~10—50 A, utilizes tris(tert-butoxy)silanol'® or tris(tert-
pentoxy)silanol.'® However, use of these precursors at low
temperatures, ~25—150 °C, leads to C and OH impurities, and
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requires an additional metal catalyst.">'® Similarly, ALD of
SiO, using tetraethoxy silane and H,O has been reported by
Ferguson et al., but requires NHj as a catalyst.'* Recently,
Bachmann et al. reported self-catalytic ALD of SiO, at 150 °C
using 3-aminopropyl triethoxysilane (APTES), H,O, and O;
with C and N impurity levels <0.3 at. %.'” However, the detailed
surface reaction mechanism that leads to this self-catalytic
growth has not been reported.

The underlying surface reactions during ALD play a very
important role in film growth, and the gas-phase reaction
products produced in each half-reaction cycle can strongly
influence the growth process.* We have previously demon-
strated this for O3 and O, plasma-assisted ALD of TiO, and
Al O; where the combustion products produced during the
oxidation cycle led to the formation of carbonates on the
surface,"® which act as one of the reactive sites in the growth
process.'”*° In this article, we have elucidated the surface
reactions during the ALD of SiO, from APTES in conjunction
with sequential oxidation by H,O and O3 at 150 °C. The in situ
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy data are consistent with the hydrolysis of
ethoxy ligands catalyzed by the NH, group in APTES during
the H,O cycle: this leads to the removal of ethoxy ligands as
ethanol leaving the surface terminated by OH and aminopropyl
groups. O, in the subsequent exposure, combusts the amino-
propyl ligands, possibly producing CO, CO,, H,0, and NO,,
thus, depositing relatively contaminant-free films. The gas-phase
species generated during the combustion-like reaction produces
monodentate formates and silicon hydrides on the surface, which
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Figure 1. Schematic of the surface analysis chamber equipped with
in situ ATR-FTIR spectroscopy. The red line shows the beam path for
the He—Ne laser from the FTIR spectrometer through the IRE to the
MCT-A detector.

are consumed in the subsequent APTES exposure. The presence
of these additional reactive sites shows that the reaction sequence
is more complex than what was speculated earlier by Bachman
etal'”

2. EXPERIMENTAL SECTION

The surface chemistry during ALD of SiO, from APTES, H,O, and
O; was studied at 150 °C in a cold-wall vacuum chamber. The chamber
was evacuated to a base pressure of ~10> Torr by a mechanical pump
with a leak rate of ~0.5 mTorr/min. The chamber was equipped with a
real-time in situ ATR-FTIR spectroscopy>'~* setup. The schematic in
Figure 1 depicts the top view of the main surface analysis chamber. In
this setup, an infrared (IR) beam from an FTIR spectrometer (Nicolet
6700) was focused on to the beveled edge of a trapezoidal ZnSe internal
reflection crystal (IRC) with dimensions of 1 mm X 10 mm xS0 mm,
and the short faces polished at an angle of 45°. Since the angle of
incidence of the IR beam on the flat face of the IRC was greater than the
angle for total internal reflection, the IR beam was internally reflected
25 times on each flat face of the IRC before it emerged from the opposite
beveled edge, and was directed to a liquid N,-cooled mercury cadmium
telluride (MCT-A) detector. All the optical components in the IR beam
path were kept in a Plexiglas chamber constantly purged with CO,-free
dry air. Because of the refractive index mismatch between ZnSe (n ~2.4)
and the ALD-deposited SiO, (n ~1.46), total internal reflection of the
IR beam occurred at the film—crystal interface. The surface species were
therefore probed by the evanescent field that decays exponentially into
vacuum. This IR setup was also sensitive to the gas-phase species due to
the ~20 cm long IR beam path through the chamber. The ZnSe IRC was
clamped in a groove on a stainless steel substrate stage heated using two
100 W resistive cartridge heaters (Watlow Firerod). A K-type thermo-
couple was mounted directly behind the IRC, on the back face of the
substrate stage, to measure the substrate temperature. The temperature
was controlled within 31 °C of the set point using a proportion-integral-
derivative controller (Omega CN9000A).

APTES was delivered into the chamber through a bubbler maintained
at 85 °C and 100 Torr. The delivery lines were heated to the same
temperature to avoid any precursor condensation. N, was used as the
carrier gas for APTES while Ar was used as the purge gas between each
precursor exposure cycle. Deionized water was contained in a bubbler at
20 °C with the delivery line heated to ~90 °C to avoid condensation. An
in-line corona-discharge-based O generator supplied ~6 wt % O3 in O,
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Figure 2. IR difference spectra recorded during APTES, H,O, and
O; reaction cycles at 150 °C. Vibrational modes for different surface
species during the ligand-exchange reactions are indicated. Inset shows
the CH,, (x =2, 3) stretching region for APTES and combined H,0 and
05 cycles.

at 760 Torr. All the precursors were pulsed into the chamber using
solenoid valves, and their flow was controlled using needle valves placed
upstream. APTES was pulsed for 2 s followed by a 300-s Ar purge. H,O
was introduced into the chamber for 240 s followed by a 480-s purge
step. A long Ar purge after H,O exposure was required to ensure
complete removal of any physisorbed H,O on the cold walls of the
reactor. O3 was pulsed for 480 s followed by a 120-s Ar purge. The
maximum chamber pressures during APTES, H,0, and O3 exposure
were ~100, 30, and 80 mTorr, respectively. The chamber pressure
during Ar purge was ~90 mTorr.

For ligand-exchange studies, the surface of the ZnSe IRC was
prepared by coating it with SiO, through 10—15 ALD cycles at
150 °C, which consisted of APTES, H,0O, and O; in the sequence
described above. Thus, the starting surface for APTES chemisorption is
the same as that obtained after a complete ALD cycle. The temporal
stability of the prepared surface was monitored and confirmed by
recording IR spectra over a period of 1 h. An IR difference spectrum
over the range of 4000—750 cm ', with a spectral resolution of
~4 cm™", was recorded after each precursor exposure cycle: all spectra
are reported without baseline correction.

3. RESULTS AND DISCUSSION

Different surface species detected during each reaction cycle of
APTES, H,0, and O3 at 150 °C are shown in the IR difference
spectra in Figure 2. In these IR difference spectra, where a new
background spectrum was collected before each reaction cycle,
species freshly chemisorbed on the surface show an increase in IR
absorbance while a decrease in IR absorbance can be interpreted
as removal of those species or their reaction with the chemical
moieties already present on the surface. Although not directly
observed in spectra (a)—(c) in Figure 2, a one-to-one exchange
of surface species can be interpreted from the IR difference
spectra in the inset in Figure 2. Here, the reference spectrum for
the oxidation cycle was collected after the APTES cycle, which
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means that it represents the overall ligand exchange during
oxidation, and not for H,O and O; cycles individually as in
spectra (b) and (c), respectively, in Figure 2. An IR difference
spectrum recorded after the APTES cycle is shown in Figure 2a.
An increase in IR absorbance in the 3000—2800 cm ™' region was
due to symmetric and asymmetric CH, (x = 2, 3) stretchin
vibrations in the ethoxy and aminopropyl ligands of APTES.*®~>
The vibrational bands at 2981 and 2902 cm ™" correspond to the
CH; asymmetric and symmetric stretching modes, respectively.
Asymmetric and symmetric stretchin§ bands of CH, appear at
2935 and 2865 cm ™, respectively.””*** Since the peaks due to
CHj; and CH, stretching vibrations in ethoxy and aminopropyl
ligands appear at very similar frequencies, it was difficult to
distinguish the hydrocarbons in the two ligands.*****° In addi-
tion, NH, stretching modes (3400—3200 cm ™ '),***° NH,
deformation modes (1600—1550 cm '),*** CH; deforma-
tion modes (1400—1300 cm '),*** Si—O—C stretching
modes (1150—1050 cm™"),***® and NH, wagging modes
(900—850 cm ') were observed in the IR spectrum in
Figure 2a.%° The band due to NH, stretching vibrations was
broad due to intermolecular hydrogen bonding. A slight degree
of polymerization of APTES on the surface due to the presence of
a trace amount of H,O may also cause broadening of the NH,
stretching band. However, the chamber was purged with Ar
for 480 s after every H,O cycle to ensure the absence of any
adventitious H,O during the APTES cycle. A weak and broad
mode at 1580 cm ' was assigned to NH, deformation
vibrations.*”*' The weak IR bands at 1390 and 1300 cm ™' were
assigned to CH, bending and wagging modes, respectively, in
aminopropyl ligands.”**° The strong asymmetric and symmetric
stretching modes of C—O in ethoxy ligands were centered at
1112 and 1083 cm ™, respectively.”****° These bands in tetra-
ethoxysilane have been reported at 1107 and 1083 cm™'.*® The
shoulder at 1160 cm™ ' was identified as the Si—O stretching
vibration in Si—OC,Hs.2® This vibrational band has also been
ascribed to the CH, rocking mode in ethoxy ligands of APTES.*
Although the signal-to-noise ratio in the spectral region below
1000 cm ™~ ' decreased dramatically, the shoulder at 960 cm 'and
a strong vibrational mode at 775 cm ™" could be distinguished
and attributed to the CHj; rocking mode”®*® and the NH,
wagging mode,*”® respectively, in the aminopropyl ligands.
The NH, wagging mode at 775 cm™ ' has been further confirmed
by isotope exchange studies where a red shift of 145 cm ™' was
observed for the ND, wagging mode.*”*® Detailed identification
of these peaks adequately confirms the chemisorption of APTES
on the surface at 150 °C.

In addition to the increase in the above absorption features,
there was a decrease in the IR absorbance in the 3800—3400,
2350—2250, and 1800—1650 cm ™' regions: the corresponding
reactions that lead to these changes are discussed below. The
decrease in IR absorbance in 3800—3400 cm ™' was due to the
consumption of OH groups already present on the surface,
suggesting that the ethoxy ligands of APTES react with the
OH groups during chemisorption, releasing C,H;OH.> Self-
catalytic hydrolysis of ethoxy ligands with surface OH groups or
H,O has been previously reported in the literature.”**° The
broad nature of the absorbance in the 3800—3400 cm ™" region
and the absence of a sharp peak at 3741 cm™ ' due to isolated
OH groups suggest hydrogen-bonded surface OH groups.'* On
the other hand, the decrease in IR absorbance centered
at 1745 cm™ ' has been attributed to C=O stretching vibration
in crystalline formic acid where the OH group in each molecule is
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Figure 3. Schematic showing the surface reactions during ALD of
SiO, from APTES, H,O, and Os. The dotted lines represent possible
hydrogen-bonding configurations.

hydrogen-bonded to a carbonyl oxygen atom of a neighboring
molecule.** The different hydrogen-bonding configurations that
result in frequency shifts have been discussed by Mikawa et al.>*
The C=O stretching mode of molecularly physisorbed formic
acid on SiO, appears at 1720 cm ™' due to the interaction of the
carbonyl oxygen atom with a surface Si atom, which causes the
observed frequency shift.*>>” The C=0 stretching vibration in
the absence of any atomic interactions appears at ~1770 cm ™' as
in the case for gaseous formic acid.*® The very weak negative
absorption feature centered at 2277 cm ™! is attributed to Si—H
stretching vibrations where the Si atom is backbonded to O
atoms in Si0,.>’ The specific origin of the species corresponding
to the peaks at 2277 and 1749 cm ™" in our experiments will be
discussed in detail later as we show that these species are actually
formed after O; exposure.

The IR difference spectrum recorded after the H,O exposure
cycle is shown in Figure 2b. The NH, groups in APTES most
likely facilitate the self-catalytic hydrolysis of ethoxy ligands
producing C,HsOH, which otherwise requires the presence of
an acidic or basic catalyst."” The removal of ethoxy ligands can be
inferred by observing the decrease in IR absorbance due to the
strong C—O stretching modes at 1112 and 1083 cm ™ '**** In
addition, the decrease in absorbance in the 3000—2800 cm ™'
region due to asymmetric and symmetric stretching modes of
CHj; and CH, further support the removal of the ethoxy ligands.
An increase in IR absorption in the 3800—3400 cm™ ' due to
O—H stretching vibrations indicates that the hydrolysis of
ethoxy ligands leaves the surface OH-terminated. The vibrational
band in this region was very broad, suggesting hydrogen-bonded
OH groups on the surface.”>** These OH groups can form
hydrogen bonds with neighboring OH groups or NH, groups
present in the aminopropyl ligands. The IR peak due to Si—OH
when OH groups are hydrogen-bonded to an O atom of a
neighboring OH group appears at 944 cm ™~ '.** Instead, a strong
IR band at ~1000 cm ™' was observed and has been assigned to
Si—OH where OH groups were hydrogen-bonded to an N atom
of a neighboring NH, group (see Figure 2b).*” Thus, the
hydrolyzed surface was terminated with OH groups along with
aminopropyl ligands where OH groups were hydrogen-bonded
to NH, groups, as shown in Figure 3.

An IR difference spectrum recorded after the O3 cycle is
shown in Figure 2c. The removal of aminopropyl ligands upon
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O; exposure was corroborated by the decrease in IR absorbance
in the 3400—3200 cm ' (broad and very weak),” 3000—
2800 cm ™! (strong),”****° 1150—1050 cm ™' (strong),”® 900—
850 cm ™' (medium),”® and 800—750 cm ™" (strong) regions:29
these spectral regions correspond to NH, stretching,”> CH; and
CH, stretching,”****® C—N stretching (~1097 cm™'),*® C—
C—C stretching (876 ecm"),*® and NH, waggin§ (775 em™)
modes, respectively, in the aminopropyl ligands.” The Si—OH
species, where the OH groups were hydrogen-bonded to NH,
groups, were also removed as concluded from the decrease in the
IR vibrational mode at ~1000 cm ™. In addition, an increase in
IR absorbance at 2277, 1745, and 1220 cm™* was observed. As
discussed earlier, the IR band at 1745 cm ™" can be assigned to the
C=O0 stretching mode in crystalline hydrogen-bonded formic
acid. However, the possibility of gaseous and crystalline formic
acid can be eliminated as the spectrum in Figure 2c was collected
after evacuating all the reaction products from the chamber.
It is also very unlikely that formic acid is physisorbed on SiO, at
the temperature of the experiment because it readily desorbs
at 378 K from a SiO, surface.”! Huang et al. and Tanaka et al.
have reported that dissociative adsorption of formic acid onto
a pristine Si(111) surface produces a monodentate formate
[Si—O—C(H)=0] with an H atom transferred to an adjacent
Si atom.***” A monodentate formate on Si maintains a C=0
character as shown in Figure 3. Different authors have greviously
reported the formation of formates** and carbonates'®'? during
ALD of metal oxides when O; was used as an oxidizer. From
previous studies, we know that O; combusts the hydrocarbon
ligands, in this case aminopropyl, producing most likely CO,
CO,, H,0, and NO,.'** According to the catalysis literature,
formates are formed due to the reaction of CO with OH groups
on the surface, which were present after the H,O cycle.43 Thus, a
monodentate formate is likely to be formed on the surface after
O; exposure. Therefore, we assign the IR vibrational bands
at 1745 and 1220 cm ™' to C=0 stretching and C—O stretching
modes in monodentate formate on SiO,.***” The carbonyl
oxygen atoms in these formates are hydrogen-bonded to H
atoms of neighborin% OH groups, causing the frequency to
shift from 1770 cm™ ' (interaction free C=0) to 1745 cm '
(hydrogen-bonded C=0).>**® The band at 2277 cm ' is
assigned to SiH stretching in O3;Si—H, which may be formed
due to dissociative adsorption of formic acid producing an H
atom on an adjacent Si atom.*® Both monodentate formate and
SiH species were stable at 150 °C.

On the basis of the IR data in Figure 2, a schematic view of the
complete reaction mechanism during ALD of SiO, is shown in
Figure 3. Figure 3a shows APTES chemisorbed on the SiO,
surface. When this surface is exposed to H,O at 150 °C, a self-
catalytic hydrolysis reaction of ethoxy ligands produces
C,HsOH, which is evacuated from the chamber. This hydrolysis
reaction leaves the surface OH-terminated along with amino-
propyl ligands. Depending on the spatial configuration of the
chemisorbed species, H in OH groups may be hydrogen-bonded
to NH, groups on the same site or a neighboring site. This OH-
terminated surface in Figure 3b is then exposed to Os, which
combusts the aminopropyl groups, producing CO, CO,, H,0,
and NO,. Among these volatile products, CO reacts with the
surface OH groups, producing monodentate formates and SiH.
Some OH groups are also produced due to H,O produced in the
reaction. When the surface in Figure 3c is exposed to APTES, it
reacts with the OH groups and SiH, producing primarily ethanol
(Figure 3a). We speculate that the reaction of APTES with

monodentate formates on the surface may produce a stable
compound, ethyl formate, thus regenerating the surface in
Figure 3a, which is necessary for an ALD process.

4. CONCLUSIONS

Different surface species during ALD of SiO, from APTES,
H,O, and O; were detected using in situ ATR-FTIR spectros-
copy. Use of APTES offers advantages over the more conven-
tional SiO, precursor, tetraethoxysilane, by avoiding the
requirement of a catalyst to hydrolyze the ethoxy ligands to
produce ethanol. Although the use of O3 to combust the
remaining aminopropyl ligands after hydrolysis of APTES pro-
duced monodentate formates and SiH on the surface, these
species were reactive to APTES chemisorption, thus providing a
suitable pathway to deposit relatively contamination-free SiO,
films. A detailed future study using a quartz crystal microbalance
would be needed to calculate the number of ligands exchanged
during each half reaction cycle, the number of available surface
sites, and the growth rate.
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(5] Supporting Information. IR difference spectrum re-
corded after the O; cycle, showing the asymmetric and sym-
metric Si—O—Si stretching vibrations in SiO, at 150 °C. The
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bands centered at 1056, 1160, 1200, and 1245 cm '. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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