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In this study, it is revealed that annealing with water-vapor-added NH; gas (water-added NHj3) is more effective than with dry NH5 at removing
residual OH bonds in silicon oxide (SiOx) films deposited by atmospheric chemical vapor deposition with an organic silicon source. Fourier
transform infrared spectra showed that the reduction amount of OH bonds using the water-added NH3; was ~4 or ~1.3 times larger than using the
conventional dry N, or dry NH; mixed with N, gas without water, respectively. This result is somewhat surprising because water is a potential
candidate as a source of OH. The effect of water vapor on OH bond removal can be explained by considering the following three factors; the first is
that low-temperature SiOx films are constrained somewhat, the second is that strained Si-O-Si bonds are in a higher or more unstable energy state
than strain-free ones, and the third is that highly strained bonds are easily hydroxylated to form Si-OH bonds.

© 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

1. Introduction

Low-temperature silicon oxide (SiOx) films are desired for
the fabrication of not only thin-film transistors on non-heat-
resistant substrates' but also interlayer dielectrics in order to
avoid disconnection of the interconnect metal, redistribution
of the dopant, and defect generation in the fabricated
underlay with the advances in miniaturization of integration
processes.” However, lower-temperature Si oxide films
prepared by CVD methods with organic silicon sources
such as tetraethylorthosilicate [TEOS: Si(OC,Hs),] are
more likely to contain a larger amount of OH bonds.>™® It
is well known that OH bonds lead to serious problems of
high leakage current and low breakdown voltage.””
Therefore, after the film deposition, higher-temperature
annealing is required, generally at above 350 °C, to remove
them sufficiently,'” which may not offer a true low-
temperature process.

To overcome this difficulty, we have reported the use of
ammonia (NH3) as an atmosphere gas for annealing to
remove the residual OH content, instead of the nitrogen
(N,) commonly used. Fourier transform infrared (FT-IR)
spectra of the annealed films showed that the height of peaks
due to OH bonds was reduced more than 1.5 times with NH;
compared with only N, gas. This effect can be explained by
the catalytic action of NH3 as a Lewis base.'? Recently, we
found that adding water vapor into NH; gas enhances the
removal of residual OH bonds in SiOx films.'? This result
seems somewhat surprising as water is a potential candidate
as the source of OH bonds.

In this paper, we present not only the enhancement effect
on the removal of OH bonds in SiOx films by adding water
vapor into NHj gas, but also the film structure, which was
different from that annealed with dry NH; gas, showing the
experimental results of the FT-IR spectra. Finally, we discuss
the mechanism of the removal of OH bonds by using the
water vapor, correlating with the structural change in the
SiOx films due to the annealing.

2. Experimental methods

Si oxide films were deposited on n-type (111)-oriented Si
substrates by atmospheric pressure chemical vapor deposi-
tion. The details are mentioned elsewhere.'*'? Prior to the
deposition of the Si oxide films, the Si substrates were
cleaned by a standard chemical-cleaning method which is so
called RCA, and dipped into diluted hydrogen fluoride (HF)
solution to remove the chemical oxide from the substrates. As
a deposition source for Si oxide film, silicone oil (SO) of
decamethylcyclopenta-siloxane (C;oH3005Sis) was used with
ozone (O3) gas at a concentration of ~150 gm73. The O3
was generated using a silent electric discharge from
99.9995% O, gas at a flow rate of 0.50 Im (liters per minute
at 25 °C). The SO was heated to around 50 °C and vaporized
by bubbling with N, at a flow rate of 0.21 to 0.26 Im. To
enhance the deposition rate, we also added trichloroethylene
(C,HCl;: TCE), which was bubbled with N, gas at a flow rate
of 0.1 1Im, and the vapor was introduced into the chamber
together with SO and O;. The films were deposited for
10 min at 190 °C, and the film thickness was 80 to 90 nm.
The surface of the as-deposited SiOx films is very unstable
and chemically reactive since the low-temperature process is
not in thermal equilibrium. Therefore, immediately after
removing the deposited samples from the deposition
chamber, they were immersed in ethanol solution to prevent
a chemical reaction with atmospheric impurities such as
water or oxygen.

Figure 1 shows a schematic diagram of the annealing
apparatus to remove OH bonds in the SiOx films. Annealing
was performed under the following three atmospheric gases:
(1) N> (99.995%) gas at a flow rate of 0.4 Im, (2) 0.2-Im-NHj;
(99.999%) gas + 0.2-lm-N, gas (dry NH;3 gas, or “Dry”), and
(3) NH; + N, gas with the addition of room temperature (RT)
water vapor (water-added NHj; gas, or “Water-added”). The
water vapor was produced by bubbling RT H,O solution with
0.4-Im-N, or 0.2-Im-NHj3 + 0.2-Im-N, by changing the flow
direction of the annealing gas through a three-way valve as
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Fig. 1. Schematic diagram of the annealing apparatus used in this study to
remove OH bonds in Si oxide films. The apparatus was placed in a fume
hood to exhaust the used gases. The annealing gases were (1) N5 (99.995%)
gas at a flow rate of 0.4 Im at 25 °C, (2) NH; (99.999%) gas at 0.2 Im + N,
gas at 0.2 Im, and (3) the (2) gas with the addition of RT water vapor. The
water vapor was produced by bubbling H,O with the annealing gas, whose
flow direction was changed by a three-way valve. The samples set on the hot
plate were annealed at 130 °C for a total time of 30 or 60 min.

shown in Fig. 1. In this case, the water vapor pressure was
roughly estimated to be ~3 x 10° Pa at RT. The sizes of the
pipe and glass reactor and so on in Fig. 1 are reported
elsewhere.'"” The annealing temperature and total time were
130 °C, and 30 or 60 min, respectively. After annealing, the
samples were immersed in ethanol solution quickly in the
same way as after deposition.

The thickness d was measured by ellipsometry with a
632.8 nm He—Ne laser beam. The molecular structures of the
films were analyzed from the FT-IR spectra with a resolution
of 4cm™!' and the acquired spectra were averaged from ten
scans. The measured FT-IR spectra were normalized by the
highest peak of the Si-O-Si unsymmetric stretching (TO;)
vibration mode at around 1065 cm ™! as shown in Fig. 2(a)
later.'>~'” In addition, the normalized spectra were smoothed
by two runs of five points in order to improve the signal-to-
noise ratio, and the first derivate of the averaged spectra was
taken to estimate the width of the TO; mode peak instead of
the full width at half maximum.'® The details of the
algorithms and derivation have been reported previously.'”
For a quantitative amount of OH content in deposited SiOx
films, we used a characteristic value of Sop, in the FT-IR
spectra. The Sop, is an integrated area of normalized
absorbance intensity from 3050 to 3700cm™' of a broad
peak due to O-H vibrations of Si-OH bonds and H,O as
shown in Fig. 3(b) later.'>'”*? In this paper, this broad peak
is labeled as OH2 following our previous paper, and also the
peak at around 940 cm ™' due to Si-OH vibration is labeled as
OH1."”

3. Results

Figure 2(a) shows the FT-IR spectra of SiOx films annealed
in N, gas, dry NH; gas, and water-added NH; gas, compared
with an as-deposited film as a reference. In each spectrum,
the peaks at ~800 and 1070 cm ™" are identified as absorp-
tions due to the bending (TO,) and asymmetric stretching
(TO3) modes, respectively, of the Si-O-Si bond.”'** From
this, it can be seen that the chemical composition of all the
deposited SiOx films is roughly similar to that of thermal Si
oxide films except for the peaks due to Si-OH vibration at
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Fig. 2. FT-IR spectra of the Si oxide films annealed in N, gas, NH3 + N,
gas, and water-added NHj gas, compared with an as-deposited film as a
reference, where their intensities are normalized with the highest peak of the
asymmetric stretching (TO3) mode of the Si-O-Si bond. (a) shows the wide-
range spectra to view the whole, and (b) shows the two narrow-range spectra
from 700 to 1030 and 2800 to 4000 cm ™' so as to easily observe the
difference in peak intensity.

around 960cm ™' and the broad peaks due to SiO-H
and/or H-OH vibration at around 3400 cm™'. These OH-
related peaks are very often observed in Si oxide films
deposited by common low-temperature deposition methods
using organic silicon deposition sources without any
post-treatment.”>"*?> Figure 2(b) shows the expanded
spectra of Fig. 2(a) in order to clearly see the difference in
intensity among the three types of annealing gas. From all
cases of annealing gas, it can be seen that both the ~950 and
3000 to 3700cm~' peaks are reduced even at a low
temperature of 130 °C. Particularly, for the two cases with
NHj; gas, the reduction of OH bonds is much greater than that
with only N, gas. This effective reduction is due to the
catalytic action of NH3 as a Lewis base to acidic Si-OH
species through the dehydroxylation reaction

Si— OH+Si—OH—Si—0-—Si+Ho!, (1)

as mentioned previously.'"” Furthermore, it is noticeable that

the water-added NH;3 gas removes a greater amount of OH
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. Dependence of the integrated area 3050 to 4000 cm ™", Sopp, due to
OH-related bonds as shown in the inset on the water vapor annealing time #,,
after dry NH; annealing. The total annealing time is 60 min. ¢, = 0 and

60 min indicate the 60-min dry NH; annealing without water vapor and the
60-min water-added NH; annealing, respectively. The black closed circles
indicate the data for the dry — water-added NH; gas process, and the red
open circle for the reverse process of the water-added — dry NH; gas.

bonds than the dry NH; gas without water vapor. This is a
surprising result as it can be considered simply that the water-
added gas should increase the amount of residual OH bonds
in the SiOx films since H,O is one of the sources of OH
bonds. On the other hand, we notice C-H-related peaks at
around 3000 cm ™', These peaks are a result of the alkoxyla-
tion reaction owing to immersing the samples in ethanol**~*%
because such C-H peaks in an as-deposited film are never
observed without immersing in ethanol.

In order to further investigate the water vapor effect in
annealing on the reduction of OH bonds in the SiOx films, we
tried to change the annealing gaseous species in the middle of
annealing, i.e. from dry NHj to water-added NH; gas and
vice versa, keeping the total annealing time of 60 min. The
closed black circles in Fig. 3 show the dependence of the
integrated area due to the OH-related bond, Sopp, on the
water vapor annealing time t#,, after the dry case. “0” and
“60 min” on the horizontal axis mean the 60-min dry NH;
annealing without water vapor and the 60-min water-added
NH; annealing, respectively. Also, “45 min” means a process
in which the first gas is dry NH; for 15min and the
subsequent gas is water-added NHj3 for 45 min, as shown
in the inset. From this figure, it can be seen that #, needs
more than 30 min to reduce Sqp, more than that of the 60 min
dry case, i.e. t, = 0. However, in the opposite case, where the
first gas is water-ad.ded NH; for 30 min and the subsequent
gas is dry NH3 for 30 min, Sop, is much smaller than
previously at t, =30 min and the same level as that of the
60-min water-added case. This seems strange because the
annealing times for the first and the second gases are the
same, 30 min. Next, we used a shorter total annealing time of
30min for both the dry and water-added cases. Figure 4
shows the Sop, values at total annealing times ¢, of 30 and
60 min for the dry (blue closed circles) and water-added
(green closed triangles) NHj gases, in addition to the data of
the 30 min dry — 30 min water (blue open circle), the reverse
(green open triangle) in Fig. 3, and only N, (no NHj) gas
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Fig. 4. Relationship between Sop, and the total annealing time ¢, for the
dry (blue closed circles) and water-added (green closed triangles) NHj3 gas
processes, in addition to the three results of the 30 min dry — 30 min water-
added (blue open circle) process, vice versa (green open triangle), and only
N, gas (no NH3) annealing process (black closed circle) for comparison. The
blue broken and the green dotted broken lines indicate theoretical calculation
curves for the dry and the water-added cases, respectively, without changing
the process gas, which is mentioned in detail in Sect. 4.

(black closed circles) processes for comparison. In this figure,
t,=0 is in an equivalent state to an as-deposited film. It can
be observed from Fig. 4 that Soy, in the NH; + N, cases is
much lower than that in the only N, gas case due to the lack
of the catalytic effect of NHj in the latter case. Further, it can
be seen that the reduction rate of Sqp, with 7, for the added
water vapor case is clearly higher than that of the dry case
within 60 min, which is coincident with the result of Fig. 2.
However, the blue and green open marks at 7, = 60 min, in
which the process gases were changed at 30 min, are the
almost same as the blue and green closed ones, respectively.
This means that the concentration of OH bonds is almost
governed by the annealing atmosphere used for the initial
30 min, regardless of the annealing gas for the subsequent
30 min. The blue broken and green dotted broken lines are
the fitting curves based on a simple theoretical model for the
annealing time dependence of Sop,, Which is mentioned and
discussed in detail later in Sect. 4, as well as the experimental
data in Fig. 4.

Figure 5 shows the FT-IR spectra around the TO3; mode
peak of the Si-O-Si bond from 800 to 1300 cm™ ! of the
annealed samples with water vapor times t,, of 0, 30, and
60 min shown in Fig. 3 for the process of dry — water-added
NHj; gas. In addition, the spectrum of the as-deposited film is
shown as a standard. It can be observed from Fig. 5 that the
peak positions are shifted with the increasing t,,, and that the
shift amount is almost saturated within #,, = 30 min. Figure 6
shows the dependences of the wavenumber range in the TO;
mode peak on the annealing process, including the case of the
as-deposited film as a reference. The processes are dry, water-
added, dry — water-added, and water-added — dry. The
annealing times for the entire dry and water-added processes
are 30 and 60 min. The wavenumbers K,'min, kp, and kp'max
shown in this figure are the positions of the first derivative
minimum, the peak, and the first derivative maximum,

respectively. Also, as a reference, those of a 100 nm thermal
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd



Jpn. J. Appl. Phys. 63, 111007 (2024) S. Horita
12 [ fain gass NH= 027N, = 0.2 Im ' o 4 a
130 °C, Total 60 min ky = —( — cost) + ——, 2
L Process: mo 3 myg;
E Stretching Dry — Water-added where « is the Si-O stretching force constant, mg and mg; are
2 osl Si-0-8i i the masses of the oxygen and the silicon atoms, respectively,
§ and 6 is an Si-O-Si inter tetrahedral bond angle.'”***% The
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T : 60 min statistical distribution of # and summation over narrow
S Increasing water- angles. Therefore, the change in kp, kp'min, and kp'may as
g 04 added time t,, shown in Fig. 6 can be regarded as a change in the SiOx film
5 - structure.'” In addition, as can be found easily from Fig. 6,
Z 02} S . the characteristics related with k, for the low-temperature-
@ As-depo. deposited SiOx films are almost lower than those of the
0 ; ; ; thermal SiO, film, with the exception of ky'max in the water-
1300 1200 1100 1000 900 800  added case. According to Eq. (2), lower values of the k,
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Fig. 5. FT-IR spectra around the TO; mode peak of Si-O-Si bond from 800
to 1300 cm ™' of the annealed samples with t,, = 0 (blue line), 30 (red line),
and 60 min (green line) as shown in Fig. 3 for the dry — water-added NH3
gas process. As a standard, the as-deposited one (black line) is shown.
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Fig. 6. Histogram of the annealing process and the extension range in
wavenumbers k of the TO; mode peak of the annealed SiOx films. The
characteristics of ky'min, kp, and kp'max are wavenumber positions at the first
derivative minimum, the peak, and the first derivative maximum, respec-
tively, of the mode. As references, those of 100 nm thick thermal SiO, are
shown as broken lines with labels of ky('min, kpi» and k(' max- The abbreviation
“Wat.” indicates the water-added NHj gas process, and the figures after the
respective processes indicate the annealing times. For example, “Dry 30 Wat.
30” means the dry NH; gas process for 30 min followed by the water-added
NH; gas process for 30 min.

Si0; film formed at 1000 °C are indicated by the broken lines
as labels of kyi'min, kpi» and kp('max. The region areas from
kp'min 10 k, and ky to kp'max are colored in light-orange and
light-green, respectively, and then the k, positions are just at
the boundaries of each region. Since the TO; mode peak is
unsymmetric, the k,'min and kp'yax positions are unsymmetric
with respect to k,. Table I shows the wavenumbers (cm'l) at
kp'min> kp, and kp'max for the respective annealing processes.
As a reference, the data of the as-deposited film (process
time = 0) are shown. It is well known that a peak position k,
of the TO; mode can be approximated by an expression of
the form
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characteristics suggest that the angle 6 and/or a should be
lower than those of thermal SiO, film. This tendency
coincides with that observed in many previous
reports. 11739 Tt can be explained by the fact that lower-
temperature-deposited SiOx films contain more OH bonds.
When the OH bonds are removed due to dehydroxylation
during deposition or cooling down from the deposition
temperature, the SiOx films are shrunk and densified more or
less'*!13152) 5o that the films are compressively stressed.
This stress leads to a lower 6 or ky,. Further, when the stressed
films are annealed, further reduction of the OH bond occurs,
and the films are more stressed or relaxed, which is
dependent on annealing conditions. Then, the structures of
the annealed SiOx films may be changed from those of the
untreated ones so that we can observe different forms of the
peak, depending on the annealing conditions, such as the
temperature. Generally, it is reported that kj, is shifted upward
after thermal treatment such as annealing because the
structure of the strained SiOx films becomes less stress and
relaxed due to the treatment, approaching a state like thermal
SiO, film. Further, we can see from Fig. 6 that the structural
change of the low-temperature SiOx films by annealing with
the water-added NHj gas is very different from that observed
with the dry one. So, it can be inferred that the change in the
SiOx film structure is related to the dynamics in the chemical
reduction of OH bonds in the film, in light of the results
shown in Figs. 2, 3, and 4. These results are discussed deeply
in relation to the mechanism of OH bond removal due to the
water vapor in the next section.

4. Discussion

Before the discussion, we checked whether the water vapor
itself has dehydroxylation action on the Si-OH bond or not.
Figure 7 shows the FT-IR spectra of the SiOx films annealed
by only N, gas with and without water vapor, compared with
that of the as-deposited film. We notice surprisingly from
Fig. 7 that, even without NH; gas, the intensities of not only
the OH2 but also the OH1 peak are decreased more by
adding water vapor into the N, gas. This result means that
water vapor itself has an effect of enhancement on the
removal of OH bonds. Similar results have been reported
using high water vapor pressure >1 x 10° Pa and tempera-
ture >200 °C.>**¥

According to Eq. (1), we can assume that rate of the
dehydroxylation reaction is proportional to the square of the

OH concentration or Soy» value. Therefore, the reaction rate
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Table . Wavenumbers (cm™") at the first derivative minimum kp'min> the peak kp, and the first derivative maximum k;,'qx Of the TO3 mode peak for the
respective annealing processes. As a reference, the data of the as-deposited film (process time = 0) are shown.

Process As-deposited Dry Dry Water Water Dry—Water Water— Dry
time (min) 0 30 60 30 60 30 =30 30 =30
kp'min (cm™") 1085 1089 1088 1093 1094 1093 1089
ky (cm™) 1061 1063 1063 1068 1069 1067 1064
kp'mﬂx(cmfl) 1024 1025 1024 1035 1037 1033 1029
0-15 T T lll'l T T T . .
N,=0.41m (NoNH,) state by adsorbing water from the atmosphere. That is, the
130 °C. 60 min = surface layer gets hydroxylated and many Si-OH bonds are
’ @n . . .
8 o formed on it. On dehydroxylation again from the hydro-
= Z % xylated surface, the condensation of these silanol groups
2 01f . £ = 1 reforms various kinds of strained Si-O-Si bonds, among
2 SiO-H, H,0 e As-depo. which some bonds are probably highly strained. Since the
= . . . . . .
= Dry N g highly strained Si-O-Si bonds are assumed to have high strain
= As-depo. 2 R . .
51 ] energy, they should be more easily hydroxylated again or
N 0.05 Sio-H DryN, rehydroxylated. Conversely, if Si-O-Si bonds formed by
g ’ CH W ter dehydroxylation are less strained, they will not be easily
— . .
5 -added N, rehydroxylated. Also, in terms of the glass structure, it has
4 been reported that Si-O-Si bonds with a smaller 6 than in the
Water-added N, thermal equilibrium case have strained Si-O bonds, which are
0 bead " L I highly reactive due to the high energy state, compared to
4000 3500 3000 950 850 750 unstrained bonds.**=® Actually, it has been reported that the

Wavenumber (cm™)

Fig. 7. FT-IR spectra of the SiOx films annealed by only N, gas (no NH3)
with and without water vapor, compared with that of the as-deposited film.

equation of dehydroxylation between two Si-OH bonds can
be written simply as

dsS
20H2 — _ASom?, 3)
dt,

and its solution is solved easily as

Som20

Sor2 A-Somota + 17 @
where A >0 is a rate constant (1/(cm™"-min)) and Sopo0
(cm_l) is an initial condition of Soi, at £, = 0. In Fig. 4, the
calculated fitting curves for the dry (blue broken line) and the
water-added (green dotted broken line) cases are drawn using
a least-squares method. The fitting parameters of A for the
dry and the water-added cases are calculated as Ap = 0.00044
and Aw = 0.00076 (1/(cm_1-min)), respectively. This means
that the dehydroxylation rate of the water-added NHj case is
higher than that of the dry one. It can also be seen that both
fitting curves show a relatively good agreement with the data
within 60 min, although the fitting degrees are not excellent.
So, we can say that the fitting curves reveal essential
phenomena in physics in this experiment. The not-so-good
fitting is probably due to the non-ideal reaction, which is
different from Eq. (1), e.g. the influence of residual H,O
molecules, other complicated structural defects in the films,
and so on. A small number of data and lack of data for long
annealing time are other factors. So, further study of the
dehydroxylation rate is required in the future.

D'Souza et al. have reported hydroxylation and dehydrox-
ylation of silica glass as follows:>> When a defective, e.g.
scribed surface of amorphous silica is exposed to the ambient
environment, it will minimize such a high-energy surface
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etch rate of glass is increased with the decreasing 6, and that
when the average Si-O-Si bond angle 6 decreases, the water
solubility is increased due to the promotion of the reaction
between silica glass and molecular water to form hydroxyl
groups attached to the silica network as silanol (Si-OH).*”
Furthermore, Michalske et al. have given the following
suggestions from their experimental and molecular-orbital
calculation results:>® (1) Extension of the Si-O-Si angles
toward 180° induces only small stress-energy changes and
has little effect on the chemistry of the Si-O-Si bond. (2) Si-O
bond length extension requires a large amount of energy, but
has only a moderate impact on reactivity, which is not
expected to be important in the formation of an active site. (3)
When 6 becomes lower, which is opposite to (1), the change
in angle increases the reactivity of the strained bond. From
these reports, it can be expected that chemical reaction sites
to form silanol groups are strained bonds with smaller 6 less
than the standard or stress-free value, e.g. that of the thermal
SiO, film.

Considering the above reports and the results of Figs. 4, 6,
and 7, we discuss the effect of water vapor on the reduction
of OH bonds. Figure 8 shows schematic models of the Si-O-
Si bond network for (a) the as-deposited film, (b) the dry, and
(c) the water-added cases. In (a), provisionally, all of the top
Si atoms are terminated with hydroxyls -OHs. On the other
hand, in (b) and (c), due to the dehydroxylation reaction, -OH
bonds are removed and Si-O-Si bridge bonds are formed, but
their distributions of the bond angle value 6 are different from
each other as shown in Fig. 6. That is, in (b), for the dry case
with lower kj, the number of bonds with low angles 0 is
larger than that with high angle 6y, and vice versa in (c) for
the water-added case with higher k,. Next, we consider the
reason why the water-added case has a larger amount of
bonds with #y than the dry case. When H,O molecules
approach a Si-O-Si bond network like in Fig. 9(a), which is
the same as Fig. 8(b), H,O react with the highly strained or

high energy bonds with 6;. Then, the six Si-O bonds are
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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(@)

Before
annealing

added NH,

Dehydroxylation
2(Si-OH) — Si-0-Si + H,0

¥

Fig. 8. Schematic models of Si-O-Si network to explain the experimental results. (a) is as-deposited SiOx film, (b) and (c) are SiOx films annealed by the dry
and the water-added NHj; gas, respectively. In (a), all of the top Si atoms are terminated with hydroxyls -OHs, and Si-OH are formed. ;. and 0y shown in (b)
and (c) are low and high bridge angles of Si-O-Si bonds, respectively. An Si-O-Si bond with low 6, is more unstable or in a higher energy state than that with
high angle 6y since the bond with §y is highly strained compared with that with . The actual reaction occurs not only on the surface but also in the film bulk.

Water vapor approaching

Dehydroxylation
2(Si-OH) — Si-O-Si + H,0

Rehydroxylation
Si-O-Si + H,0 — 2(Si-OH)

During the cyclic reaction,
some 0, are changed to 0,,.

Fig. 8(c)

Fig. 9. Schematic models of Si-O-Si bridge bond networks (a) before and (b) after hydroxylation due to reaction with water vapor in the annealing
atmosphere. The (a) model has three low 6y and one high 6y in the top Si-O-Si bonds. The (b) model has six hydroxylated bonds, which are generated from the
three bonds with 6 in the high strain energy state in Fig. 9(a). (a) and (b) reactions are repeated continuously until annealing process is finished. If the
annealing time in the water-added case is 60 min, the resultant configuration of the Si-O-Si network may become like the one shown in Fig. 8(c). Actually,
since these reactions occur three-dimensionally in space as well as two-dimensionally, recombination due to dehydroxylation develops not only between the

previously bonded atoms but also other neighbors.

broken up and the six Si atoms are terminated with an -OH
bond subsequently. As a result, the six Si-OH groups are
produced as shown in Fig. 9(b). However, they are dehy-
droxylated again immediately due to the catalytic effect of
NH; gas in the annealing atmosphere in spite of the existence
of water vapor. Here, we should note the formation of the
new bond angle 6. Since the large amount of OH bonds is
much reduced from the as-deposited film as shown in
Fig. 2(b), the water vapor should not only reach the surface
but also diffuse in the film bulk as well as NH; gas. This is
because the result of Fig. 2 is difficult to explain reasonably
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without the diffusion in the film bulk of water vapor and NH;
gas. In addition, the actual reaction space is not two but three
dimensions, although Figs. 8 and 9 show the vicinity of the
surface area two-dimensionally in a simple way for easy
understanding. Since Si-OH bonds are actually in a three-
dimensional Si-O-Si network or in film bulk, they have a
chance to recombine with not only the previously combined
one but also other neighbors. Therefore, a newly formed 6
does not always have the same value as before. After the
dehydroxylation, if a bond angle 6 of the new Si-O-Si bond is

low < 6y, the new strained bond with high energy is probably
© 2024 The Author(s). Published on behalf of
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rehydroxylated again due to the water vapor as in Fig. 9(b),
and then dehydroxylation occurs between -OHs again with a
small change of the atomic structural configuration of the Si-
O-Si network. If the new 6 is high 2 6y, the dehydroxylated
Si-O-Si bond is likely to roughly keep the state of 6y, and is
not broken due to its high stability. The cyclic reaction
routine between dehydroxylation and rehydroxylation shown
in Figs. 9(a) and 9(b) probably continues until an unstable Si-
O-Si bond changes to a stable one with high 6 > 6. When
the annealing time is 60 min or not sufficient for reaction, the
resultant configuration of the Si-O-Si network may turn into
one like that shown in Fig. 8(c).

Finally, we discuss the contrasting results of the annealing
processes of “Dry 30 min — Water-added 30 min” (Process
D-W) and “Water-added 30 min — Dry 30 min” (Process W-
D), which are shown in Figs. 3 and 4, taking (Eq.3) into
account. The former and latter results present almost the same
Somz values as “Dry 60 min” and “Water-added 60 min”,
respectively, although D-W and W-D have different sequen-
tial processes with a half annealing time of 30 min. In the D-
W process, the initial dry 30 min process forms new Si-O-Si
bonds due to dehydroxylation from -OH bonds of the as-
deposited film, where some of the Si-O-Si bond angles
including the new ones spread into the lower 6; region.
However, just after 30 min or changing the process from
“Dry” to “Water-added”, most of the Si-O-Si bonds in the
lower f; region are probably rehydroxylated due to water
vapor immediately, so that a lot of new -OH bonds are
generated abruptly. Then, due to the dehydroxylation effect
of NHj, the OH bonds including the remaining ones are
gradually reduced with a low A in (Eq. 2) similar to the dry
process Ap even in the water-added process due to the abrupt
abundant generation of OH bonds. On the other hand, for the
opposite case of the W-D process, by the initial “Water-
added” process for 30 min, most of the Si-O-Si bonds in the
lower 6 region of the as-deposited film transition to the
higher Ay region and become relatively more stabilized. So,
even in the latter process of the dry NH; atmosphere, it may
take some time, i.e. more than 30 min, for the transitioned
bonds to return to a state in the lower 6 region perfectly,
probably due to their higher stable state with fy. So, even
after the dry 30 min process, A stays roughly similar to Ay, of
the water-added 60 min (green closed triangle) so that the
60 min Sop, value (green open triangle) is the almost same as
that of the water-added 60 min. If the annealing time for the
latter water-added and dry processes in the D-W and W-D
processes, respectively, are elongated much longer than
30 min, their final resultant Sop, values would asymptotically
approach those obtained by the water-added and dry pro-
cesses, respectively, throughout the long annealing time.
However, in order to explain this quantitatively, further
investigation is needed.

5. Conclusions

We investigated an effective method to remove OH bonds in
low-temperature-deposited SiOx films by annealing with
NH; gas at 130 °C in atmospheric pressure. We found that
adding water vapor into NH; gas is more effective at
reducing OH bonds than only dry NHj gas. Also, the FT-
IR spectra showed a difference in the structure of the
annealed SiOx films between the water-added and the dry
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NHj; cases, in which the peak of the Si-O-Si bond was shifted
toward a higher wavenumber in the water-added case. We
considered the mechanism of the water vapor effect on the
reduction of OH bonds to be as follows: after flowing the
water-added NH; gas into the reactor, Si-OH bonds are
immediately dehydroxylated due to the NH; catalytic effect,
which leads to the formation of strained Si-O-Si bridge bonds
due to the film contraction caused by the dehydroxylation.
The strained bonds cause the bond angle 6 of Si-O-Si to be
smaller 6; than that of the stress-free bond. Then, highly
strained Si-O-Si bonds are rehydroxylated easily to form Si-
OH + Si-OH bonds again in the water vapor atmosphere
since they are in a higher energy state, or more unstable.
However, owing to the catalytic effect of NH3 gas in the
annealing atmosphere, the silanol bonds are dehydroxylated
again. Therefore, rehydroxylation and dehydroxylation are
repeated continuously until the Si-O-Si bond formed by
dehydroxylation is less strained with 6 > 0y, where 0y is the
higher angle of the Si-O-Si bond in the less strained energy
state. As a result, the amount of residual OH bonds is less
than that in the dry NH;3 annealing case. Also, the portion of
less strained bonds with 6y in the water-added NHj case is
obviously larger in SiOx films than in the dry case. This is the
difference in structure of the annealed SiOx films between the
water-added and the dry annealing cases.
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