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Silicon oxides deposited by remote plasma-enhanced chemical-vapor deposition {(Remote
PECVD) can be grown under conditions which produce hydrogen-free Si0,, and under
conditions which promote the incorporation of bonded-hydrogen in either SiH or SiOH
groups, but generally not in both. In this paper, we investigate the relationship between
the deposition conditions leading to OH incorporation, and other post-deposition path-
way(s) by which OH can also be incorporated. Two ways by which OH can be incor-
porated into the oxides are by: (i) intrinsic pathways which are associated with the
heterogeneous chemical reactions responsible for film growth; and (ii) extrinsic path-
ways which refer to incorporation after film deposition stops. The results of our exper-
iments to date show no evidence to support the intrinsic process; all of the infrared (ir)
detectable OH is shown to derive from post-deposition or extrinsic sources. We have
found two distinct post-deposition sources, one from the deposition chamber ambient
during cool-down and one from atmospheric moisture. Each of these sources has a par-
ticular spectroscopic signature. We show that-OH incorporated from atmospheric mois-
ture occurs as spatially correlated near-neighbor Si-OH groups, whereas OH groups in-
corporated in the deposition chamber ambient are randomly distributed in the SiO, host
material.
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I. INTRODUCTION

There is considerable interest in producing sta-
ble, electronic-quality dielectries, such as SiQ,, at
low temperatures. Plasma- and photo-enhanced
chemical-vapor deposition are attractive alterna-
tives for this application due to the lower substrate
temperatures they require when compared with the
high temperature pyrolytic CVD processes. How-
ever, one of the chief concerns is chemically bonded
hydrogen in Si0, films produced at low tempera-
tures. For example, it has been shown that films
deposited by conventional direct plasma-enhanced
chemical-vapor deposition (PECVD) generally con-
tain between 5 and 10 at. % uninfentionally incor-
porated hydrogen bonded in both Si-H and Si-OH
groups,? but that the concentration of bonded hy-
drogen in SiO; films grown by Remote PECVD can
be reduced to levels below the range of infrared (ir)
detection, less than about 1 at. %. In addition, de-
position conditions and specific reaction pathways
have been identified by which controlled amounts
of SiH can be intentionally incorporated into the Re-
mote PECVD Si0, films.>** We have previously
identified process conditions under which OH groups
can also be infentionally incorporated into Remote
PECVD 8i0; thin films, and this paper identifies
some of the specific reaction pathways involved in
these processes.”

All PECVD techniques involve the plasma exci-
tation of at least some of the gaseous species in or-
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der to produce the chemically reactive species that
promote low temperature thin film deposition. In
Direct PECVI) the substrate and all of the gases in
the deposition chamber are exposed to the plasma.
This condition generally leads to many simulta-
neous, or parallel depogition reaction pathways,
thereby making it difficult, if not impossible, to
control both the stoichiometry (in the context of the
SifO ratio) and chemical purity of deposited ma-
terials." There is one notable exception to this gen-

- eralization: {his is the Batey-Tierney process for de-

position of 8iQ; by a Direct PECVD process in which
extremely high dilution of the process gases limits
precursor formation and reactions pathways, and
thereby leads to the formation of stoichiometrie, hy-
drogen-free films.®

The Remote PECVD process affords greater con-
trol over the thin film chemistry when compared to
conventional Direct PECVD, by restricting plasma
excitation to a subsel of the process gases, and
thereby reducing the multiplicity of reaction path-
ways. The physical arrangement of the chamber is
such that the process flow is sequential or serial,
rather than parallel as in Direct PECVD. A subset
of the process gases are excited in a tube that is
located outside of the deposition chamber. Plasma-
excited species then flow out of the plasma-gener-
ation region info the deposition chamber and mix
with the remaining unexcited process gases. The
excited species extracted from the plasma excitation
tube and the unexcited species injected downstream
react heterogeneously at the substrate to produce
the desired thin film.”® For the deposition of SiO,,
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Si;N,, and SiO,N, alloys, process gases, such as SiHy,
and Si,H,, ete., are always injected downstream and
are never directly exposed to the plasma. This pre-
vents gas-phase activation of the silanes and thereby
eliminates deposition reaction pathways that can
promote either non-stoichiometry in the 8i:0 and/
or Si:N ratios, or the incorporation of bonded hy-
drogen in SiH configurations.

The reaction pathways for the deposition of hy-
drogenated amorphous silicon (a-Si:H) and SiO, have
been studied primarily by mass spectrometry (MS).*
We have identified two balonced reaction equations
for the deposition of the SiO, films, and one for a-
Si:H:

(He + Oy)* + SiH, — 8i0, + 2H, (2)
(He)* + 5iH, — a-Si:H + 2H, (3)

where the * refers to the plasma excited gases.* The
amorphous silicon reaction proceeds only when
electrons and ions are extracted from the plasma
generation region, i.e., only when the plasma after-
glow extends into the deposition chamber, thereby
exciting, but not fragmenting, the silane.? The ox-
ides on the other hand, do not require that silane
be excited in the plasma afterglow. We briefly de-
scribe in the following section how silane is excited
in one case, but not in the other. For the oxides,
either O, or N;O may be used as the oxygen source.
We have found that O, is the major by-product of
the plasma excitation of NyO, and therefore the de-
position reactions are effectively the same as reac-
tions (1) and (2).1° In general, suboxides, i.e., oxides
containing Si-8i and/or Si-H bonding groups, are
produced when the following fwo conditions are met:
(i) the O,/SiH, ratio is <1; and (ii) silane is exposed
to the plasma afterglow.’ It is not simply a lack of
O, which leads to suboxides, since SiO, can be de-
posited for O,/SiH, ratios as small as 0.1 as long as
the silane reactant is not plasma activated. Subox-
ides are generally produeed by the codeposition of
8i0, and a-Si:H, i.e., by the reactions (2) and (3)
occurring simultaneously.” For this study, the sil-
ane was therefore not plasma activated to produce
the oxide thin films.

The MS studies we have performed show that for
O, concentrations in He greater than about 2%, re-
action (1) dominates, whereas for concentrations be-
low about 2%, reaction (2) dominates. We have gen-
erally found that high O, concentrations (>2% in
He), low temperatures (<250° C) and high deposi-
tion rates (>1A/s) result in ir-observable OH in-
corporation; higher temperatures (>250° C}, lower
0, flow rates and lower deposition rates (<0.24/s),
serve to minimize, or to eliminate the OH incor-
poration.? These films can however, under pro-
longed exposure to atmospheric moisture (on a time
scale of months or years), display measurable ir ab-
sorbance in the OH band.

In this paper, we have examined films which were

Theil, Tsu and Lucovsky

grown with the intention of including bonded OH
to study the mechanisms by which OH groups can
be incorporated into the SiO, films. In particular,
two different pathways are possible by which OH
can be incorporated into the 8iO; films: (i) intrinsic
pathways, and (ii) extringic pathways. The intrinsic
pathways are intimately associated with the het-
erogeneous chemical reactions responsible for film
growth.!? Extrinsic pathways refer to incorporation
mechanisms after film growth has occured. An ear-
lier study by Pliskin"' has shown that OH groups
can be incorporated in CVD oxides by extrinsic pro-
cesses, e.g., when the films have been expoesed to
atmospheric water vapor. A primary goal of this pa-
per is to determine whether the differences in O
incorporation under the conditions discussed above,
result from intrinsic or extrinsic processes. With the
use of a-8i:H diffusion barriers, we confirm in this
report that the extrinsic process accounts for all ir
observable OH in Remote PECVD oxides, particu-
larly those deposited under the conditions of high
oxygen flow and high deposition rates. Under the
conditions we have investigated, no evidence is found
to support an intrinsic OH ineorporation process.

II. EXPERIMENTAL APPARATUS AND
FILM DEPOSITION

The deposition chamber for these experiments is
constructed of 5.1 em outer diameter X 46 cm long
stainless steel tube (see Fig. 1). Plasmas are gen-
erated by coupling rf excitation (~10-20 W at 13.56
MHz) into a plasma tube (32 mm outer diameter
vitreous silica tubing) located at one end of the de-
position chamber. The deposition chamber consists
of the plasma bias assembly, two gas dispersal rings,
and five analyzing stations. The plasma bias asgem-
bly is located immediately downstream from the
plasma tube and consists of four Al plates and a
#10 stainless steel screen grid, each of which is
electrically isolated from the chamber. The Al plates
are in a box-like configuration oriented coaxially
with the chamber, and the grid caps located at the
downstream end of the box. One analyzing station
is between the first gas dispersal ring and the bias
assembly, the other gas ring is located 10 in. down-
gtream from the first ring. There are three analysis
stations between the gas rings with one station be-
yond the second gas ring. Each station consists of
three ports, one for mass spectrometer sampling, and
two for optical studies, e.g., by optical emission
spectroscopy (OES). The sample is mounted on a 2.5
cm o.d. copper block with a 250 W lamp and ther-
mocouple imbedded in it. The block is mounted on
the end of a polished %1 ¢m long SS tubular linear
feed-through and is sealed by a differentially pumped
mechanism. The process pressure is measured by an
MKS capacitance manometer which controls a
downstream throttle valve. A 400 1/s turbomole-
cular pump in the MS chamber also services the de-
position chamber and achieves a base pressure of
<2 X 1077 Torr in the deposition chamber. The in-
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Fig, 1 — Diagram of The Remote PECVD Deposition/Analysis Chamber.

situ analytical equipment consists of an Extrel C-50
quadrapole mass spectrometer (MS) and a Tracor
Northern TN-6500 optical multichannel analyzer.

The grid is normally biased in one of two states,
either tied to the ground potential of the chamber,
or floating and therchy electrically isolated from the
rest of the chamber; the four Al plates are always
held in the floating state. In the grid grounded state,
the plasma after-glow (consisting of electrons and
ions) can extend beyond the grid and into the cham-
ber, while in the floating state, the plasma is con-
tained behind the grid and no charged particles are
injected into the deposition region. For the a-Si:H
capping layers we have used in these experiments,
the grid is grounded in order to provide excitation
of the silane; whereas for the oxide depositions, it
ig floating to prevent excitation of the silane, and
the consequent formation of hydrogenated subox-
ides.

To produce the SiO, films, a mixture of 10-20%
O, or N,O in He flowing at a total flow rate of 100
standard em®/min (scem), is rf excited (8 to 17 W),
with the chamber pressure maintained at 300 m Torr
during deposition. A mixture of 10% SiH, in Ar is
injected through the first gas dispersal ring at a rate
of 5 to 10 sccm, and the SiH, is not directly in con-
tact with the plasma after-glow since the grid is in
its floating bias mode. The substrate is positioned
at the first station downstream from the first gas
ring. The substrate, ({100} n-type Si, 10-70 2-cm),
ig typically heated to a temperature (T'g) of 100 to
250° C. To produce the a-Si:H cap the following op-
erations are performed sequentially: the oxygen
source is switched off, the rf power is turned up to

32 W, and the bias state of the grid is switched to
the grounded mode. Caps of between 800 and 9004
were deposited.

A series of experiments were performed to ex-
plore the formation of Si-OH groups. To accomplish
this, a-Si:H diffusion barriers were deposited after
the deposition of the Si0O, films to prevent post-de-
position OH formation that could result from reac-
tions with ambient water. We have performed the
following experiments, (see Table I for a summary
of the deposition conditions). The following condi-
tions were maintained to deposit the a-Si:H diffu-
gion barrier: Tg 200° C, He flow 100 seem, 10% SiH,
+ Ar flow 10 sccm, rf power 31 W, the grid was
grounded to the chamber potential. First, a series
of 8i0; films were deposited and capped immedi-
ately after deposition to eliminate any post-depo-
sition incorporation processes, (namely from the
chamber during cool-down, or outside of the cham-
ber in the laboratory ambient, [approximately 50%
RH and 75° F are typical of North Carolina State
University physics laboratories in the spring and
summer months]). Next, a series of Si0, films were
capped, but only after permitting exposure of the
oxide layer to the chamber ambient for roughly 30
min at 0.3 Torr. These experiments were performed
to determine whether OH formation associated with
wall contamination, etc., can occur during sample
cool-down in the deposition chamber. Finally, SiO,
films were deposited without any capping to deter-
mine the effects of exposure to moist laboratory air,
and different processing steps on SiOH incorpora-
tion via intrinsic mechanisms related to the depo-
sttion reaction process pathways.

Table I. Summary of Deposition Conditions for OH Incorporation Source Experiments.

Ty rf Pwr He flow O flow 10% SiH4 + Ar Dep. Time Capping
Sample °C) (W) {sccm) {sccm) flow (secm) (min) Procedure
AQOY10 200 12 80 N0 20 10 15 Immediate
AOX92 200 16 90 0, 10 5 15 Immediate
AOQX94 200 17 20 0, 10 5 15 Held @ 200°C
AQYO07 200 12 80 O, 20 10 20 Cooled to 81°C
AQX89 250 18 90 0, 10 5 21 None
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III. EXPERIMENTAL RESULTS:
IR STUDIES

The spectra for the two films deposited at 200° C
with capping immediately after deposition are shown
in Fig. 2. The “distorted” baselines in these spectra
are due to interference fringes characteristic of the
a-5i: H-5i0; composite thln film structure. The ab-
sorption band at 635 em™' is associated with the SiH
bending vibration of the a-Si:H cap. Both spectra
in Fig. 2 clearly show the three normal vibrational
modes of the Si-O-8i group at 1060, 810, and 445
em !, corresponding respectively to stretching (s),
bending (b), and rocking (r) motions of the oxygen
atom relative to its fwo silicon neighbors. These
spectra show no ir evidence for OH or OD incor-
poration (i.e., in the 33008700 cm ' region), and
demonstrate that even under the deposition condi-
tions of high oxygen concentration in He (10 to 20%
0, or N,O in He) used to produce these films, it is
possible to produce SiO; films by Remote PECVD
containing no OH. In other words, an intrinsie OH
ineorporation pathway, that might be associated with
the by-product water, is not observed. This then es-
tablishes that OH formation does not oceurs during
these conditions of film deposition.

Figure 3 shows the ir spectra characteristic of two
different samples made by delaying the capping
procedure. The sample that was held at 200° C dur-
ing the delay periods, AOX94, does not display any
OH feature that can be detected via ir, while the
sample that cooled to 81° C, AOY07, does. The ab-
sorption band due to the internal O-H stretching vi-
bration, QOH(s), for sample AOY07 is asymmetric,
with a peak at about 3650 cm™". Table II shows the
peak positions and the full w1dth at half maximum
absorbance (FWHM) of the SiO(s) band for these two
films in which capping was delayed, but under dif-
ferent conditions. Note that the film held at 81° C
prior to capping has a SiO(s) band spectral peak that
is higher in wavenumber than the film held at
200° C. This is consistent with the observations made
on uncapped films wherein the spectral peak posi-
tion increases with increasing OH incorporation.
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Fig. 2 — Ir spectra of Composite Films with Immedmte Cappmg
a) OH(s) band at 3550 cm™, b) SiQ(s) 1060 cm . 445 cm ™. Nei-
ther sample (N0 or O, source gas) shows ev1c1ence of OH incor-
poration.
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Fig. 3 — Ir spectra of Composite Films with Delayed Capping.
a) OH(s) band at 3550 cm™, b) SiO{s) 1060 em *. The sample
that was cooled to 81° C shows evidence of OH mcorporatlon
while the sample that was held at 200° C shows no evidence of
OH incorporation.

The spectra shown in Fig. 4(a) and (b) are taken
from sample AOX89, which has no a-Si:H cap, im-
mediately after deposition, and 2, 3 and b days after
removal from the chamber. Note that these films
show evidence for OH groups in the first spectrum
in this series giving the time evolution of the Si-
OH group. The incorporation of OH groups can lead
to changes in the structure of the SiO(s) band, as
shown in Fig. 4(a) and 4(b) showing the OH(s) and
8i0 bands, respectively. With increasing OH incor-
poration there are three changes in the 8iO(s) band:
(i) the spectral peak shifts to higher wavenumber,
from 1055 to 1064 cm™?, (i) the band width (FWHM)
decreases from 94 to 82 em™! , and (iii) the absorp-
tion in the hlgh wavenumber shoulder increases. In
addition, there is the development of a satellite fea-
ture at about 925 ¢m ™. These trends are displayed
graphically in Fig. 5.

The OH incorporation in the film is accompanied
by the appearance of the OH(s) band centered at
approximately 3550 cm™' as shown in Fig. 4. Ini-
tially, an asymmetrically shaped OH(s) band ap-
pears with a peak at about 3650 cm ™. The OH pro-
ducing this agymmetric feature either developed after
film growth but before removal from the chamber,
or it developed rapidly after removing the sample
from the deposition chamber (the time interval be-
tween sample removal and initiation of the ir spec-
trum is on the order of minutes). But the growth of
a second symmetric feature, centered at about 3350

em™, is evident in the traces labelled 2 days or

Table II. Comparison of Delayed Capped Oxide
Films, FWHM is the Abbreviation of the Full Width
Half Maximam of the Band.

Held at 200°C Cooled t0 81° C

8i0(s) Band 1046 ¢m™! 1060 cm™!
OH(s) Band Not Detectable 3663 cm !
8i0(s) FWHM 92.6 et 101.0 em™!
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Fig. 4 — Ir Spectra of Uncapped Oxide AOX89 w.rt. Time. a) OH(s) band at 3550 cm ™, h) Si0(s) 1060 em™?, SiO(b) 810 em™, and
8i0(r) 445 em™. The 3550 cm ! band shows an asymmetric feature that appears within minutes of deposition, then the appearance of

a symmetric feature that appears within days after deposition.

longer; this feature increases in relative intensity
on a time scale on the order of days and is clearly
associated with exposure to the moist ambient in
the laboratory. In other words, an extrinsic OH
source is water vapor in the air and the growth of
this symmetric band is a spectroscopic hallmark of
its incorporation.

Figure 6 includes plots showing changes in the
integrated area, and FWHM for the OH(s) band. The
FWHM of the band increases from about 372 cm™
to a maximum width of about 425 cm™' after 2 days,
then ceases to increase further. It is interesting to
note that the SiO(s) FWHM curve behaves in an op-
posite manner to the OH{s) FWHM curve shown in
Fig. 5(b). Along with the growth of the OH(s) band,
there is also the formation of a new feature at about
925 cm ; this is assigned to the SiOH group.'' This
band is not resolved when only an asymmetric OH(s)
feature is present, however the region between the
Si0O(s) and SiO(b) features, between 900 and 1000
em ', displays a slightly increased shoulder on the
Si0(s) band, when the asymmetrically shaped OH(s)
band is present, see Figs. 2(a) and (b), spectra (i).

Finally, two additional experiments were per-
formed to determine the effects of various pest-de-
position treatments on OH incorporation into the
Remote PECVD oxide films, i.e., a boiling study and
an annealing study, Sample AOX89 was immersed
in boiling deionized (D.I.) H,O for 30 min, 6 days
after it was taken from the chamber. Nine days later,
i.e., 15 days after deposition, the ir spectrum of the

film was measured again. The film was then flash
annealed (FA) in vacuum for two minutes, (at ~700-
800° C). Figure 7 contains the ir spectra and Table
11 shows how different post-deposition treatments
changed the position, amplitude, width, and area of
the Si0(s) and OH(s) peaks. Surprisingly, afier the
boiling treatment, the OH(s) band integrated area
decreased, but 9 days later the film had recovered
more than the lost OH, from atmospheric exposure.
After the FA, all traces of OH were removed from
the film, and the SiO(s) peak position which had
increased to 1068 cm™?, decreased to 1063 ¢cm™ . The
film was measured again after 90 days and was still
found to be OH free.

IV. DISCUSSION

Capped Oxide Experiment Interpretation

The oxides in this study were infentionally de-
posited under conditions favorable to the incorpo-
ration of OH as confirmed by the ir results of Fig.
4, However, when oxides are produced under the
gsame conditions, but capped immediately after Si0O,
formation by an a-Si:H diffusion barrier, no ir mea-
gurable OH was found, independent of whether O,
or N;O was used in the deposition process. This
shows, that within the detection limits of ir spec-
troscopy, an intrinsic pathway to OH incorporation
is not operative, but that an extrinsic post-deposi-
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Fig. 5 — Features of the SiO{(s) Band for an Uncapped Oxide
(AOX89). The plots are the peak position and the FWHM, (Full

- Width Half Maximum), with respect to time after the oxide was
exposed to air. - .

tion pathway is. Moreover, two distinct post-depo-
gition sources have been identified, one is associ-
ated with the deposition chamber during sample cool-
down, and the other with the absorption by the film
of atmospheric moisture.

We have noted above that the incorporation of OH
is predominantly an extrinsic process, whether in-
side or outside of the deposition chamber, but the
details of the spectral features associated with the
OH groups can be different for these two cases. Spe-
cifically, incorporation in the chamber leads to an
OH(s) band that is highly asymmetric, whereas in-
corporation outside leads to a symmetric OH(s) band
and the appearance of a discrete spectral SiOIl fea-
ture at about 925 em™!. We propose that these spec-
tral differences are associated with different local
bonding environments of the Si-OH groups, which
in turn reflect aspects of the reaction chemistry
which lead to their incorporation. Although it is clear
that moisture, H,O, is the molecular source in the
“post-chamber-removal” case, it is not absolutely
clear that it is also in the “pre-chamber-removal”
case. Either way, as noted above, an asymmetric
0OH(s) band is formed in the chamber and the time
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Fig. 6 — Features of the OH(s) Band for an Uncapped Oxide
(A0X89). The plots are the FWHM and the integrated area of
the band with respect to time after the oxide was exposed to air.

scale for this process is on the order of minutes. The
asymmetric shape with its low wavenumber tail,
arising from this fast process, leads us to the con-
clusion that the Si-OH groups are spatially uncor-
related. This band shape is characteristic of a dis-
tribution of groups without an average spatial
relation. The time scale for the absorption of at-
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Fig. 7 — Ir Spectra of Uncapped S8ample AOX89. a) OH(s) band
at 3550 em™, b) SiO{s} 1060 cm™'. The spectra show the effects
of boiling the film in H,O for 30 min, and flash annealing.
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Table III. SiO(s) and OH(s) Values, Before and After Heatings. AA is the Peak Amplitude, and INTG is the
Avea Integral of the Band.

Just Deposited 5 Days After D.1, Boil After 9 Day Hold After FA

Si0(s) Band 1056.5 1064 1068.5 1068 1063
Si0(s) FWHM 100 80.5 78.7 83.0 94.4
Si0(s) AA 0.2897 0.3034 0.3003 0.2728 0.2800
OH(s) Band 3650 3613 3634 3657 N/A
OH(s) INTG 4.3 8.36 6.50 9.18 0
OH(s) FWHM 370 425.3 416.2 499.5 0
OH(s) AA 0.0154 0.0186 0.0150 0.0158 0

mospheric H;O with the formation of OH groups
having a symmetric OH(s) ir absorption band (as
well as a distinct band at 925 cm™) is on the order
of days. The symmetric band on the other hand, leads
us to conclude that for this slow process, there is an
average spacing between interacting Si-OH groups,
and a corresponding normal distribution of Si-OH
groups about that mean value, (symmetric band).
This is explored in greater detail below.

OH(s) Band Interpretation

By examining the initial agymmetric OH band,
and understanding the local environments of Si-OH
groups and the interactions beftween them, some-
thing can be learned about the distribution of these
groups in the film. The vibrational modés of Si-OH
groups are measurably affected by hydrogen-bond-
ing interactions. Based on previously reported stud-
ies of SiOH and OH bands in a variety of organic
materials, the structure of the OH(s) band, in par-
ticular the shift to lower wavenumber, derives from
hydrogen bonding interactions between the positive
space charge of the H atom of the OH group and
negative space charge regions of the host mate-
rial.’? The negative space charge regions are asso-
ciated with the non-bonding electrons of oxygen at-
oms in either 8i-0-Si groups or Si-OH groups.*
Specifically, the hydrogen bonding (H-bending) in-
teraction is between an H atom and another @ atom
not directly bonded to it, (represented by OH---Q).
Because the negative space charge region of the ox-
ygen atom in Si-OH groups is greater than in Si-O-
Si groups, the strongest of these interactions is be-
tween the OH pairs of neighboring Si-OH groups.
The less negative space charge of Si-0-Si groups
originates from the interaction of the non-bonding
p electrons of the O atom with anti-bonding d sitates
of the neighboring Si atoms.’® It is found that as the
0-.-O distance decreases, the H-bonding strength
increases and the frequency of the O-H stretching
vibration decreases.!? Small changes in the O--O
distance, e.g. changes of ~0.02A can result in large
shifts of ~50 cm™ in the OH(s) frequency.'* There-
fore, the strong relationship between frequency and
0---0 distance, allows one to interpret differences
in absorption frequency in terms of differences in
spatial correlation between the interacting Si-OH

groups.

The asymmetric broadening of the OH band de-
rives from the existence of a continuous range of
0O---0O distances, from nearly isolated Si-OH groups
accounting for the absorption on the high frequency
side of the absorption band, to closely associated Si-
OH groups accounting for the low frequency ab-
sorption., This apparently random arrangement,
suggests that there is no specific spatial relation be-
tween the interacting Si-OH groups. It is in this
context that the Si-OH groups are spatially uncor-
related. In contrast, the symmetric feature with a
spectral peak at about 3480 cm ' that develops in
films exposed to atmospheric Hy,0, derives from
spatially correlated, near-neighbor Si-OH groups
having a specific average Q---O separation, i.e., from
Si-OH groups forming a particular bonding config-
uration. This specific arrangement of atoms may also
account for the occurrence of the 925 em™ SiOH
band. We propose that such bonding configurations
derive from the interaction between water mole-
cules and the more reactive Si-O-Si bonds of the host
Si0, network. As the Si-0-8i bond angle decreases,
the 8i-O-Si group becomes more reactive,'® and the
removal of these groups hy water, converting them
to near-neighbor Si-OH groups, is consistent with
the shift of the SiO(s) spectral peak to higher wave-
numbers as discussed in the following section.

We make one final comment concerning the for-
mation of the asymmetric OH(s) band. Whereas in-
teractions with atmospheric water vapor clearly lead
to reaction pathways promoting near-neighbor Si-
OII groups, the reactions occurring in the chamber
after deposition appear to have a different origin
which leads to uncorrelated Si-OH groups, i.e., it is
possible that the in-chamber incorporation mecha-
mism is different. The mechanism may however in-
volve molecular species, presumably containing OH
groups that derive in part from the H,0 by-product
of the deposition reactions that are carried out at
high O, flow rates, We have noted that incorpora-
tion of OH groups is not accompanied by any spec-
tral features related to the presence of SiH bonding
groups, which would be readily detected by the bond
stretching and bond bending bands at about 2265
and 875 cm ', respectively.'® This would tend to rule
out OH formation mechanisms based on molecular
H,; for if H, broke an Si-O bond of a 8i-O-Si group,
we might also expect SiH groups to form in addition
to the Si-OH group.
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Si0Q(s) Band Interpretation

The reason that the films discussed in the paper
are particularly susceptible to post-deposition OH
incorporation is that the material has a significant
number of highly distorted Si-O-5i bonds which are
more reactive than relaxed Si-O-Si bonds. For ex-
ample, as shown in Fig. 4, the Si0O(s) spectral peak
of the first spectrum is at 1056 cm™', whereas the
peak position of this band in thermally-grown and
relaxed oxides is at 1078 cm™*.'® The position of the
spectral peak can be correlated with the average
bond-angle at the oxygen atoms siles (i.e., the 8i-O-
Si angle). This angle is approximately 144° in re-
laxed thermal oxides, and is generally about 5-10°
less in the Remote PECVD oxides. It is well-estab-
lished that the reactivity of Si-O-Si groups is greater
the smaller the bond angle at the oxygen site.” In
addition, we have found that Remote PECVD oxide
films are less dense than fully relaxed thermal ox-
ides. This is examplified by higher etch rates in
buffered HF, and by direct measurements of film
thickness as a function of post-deposition thermal
annealing.”® This means that as-deposited films
containg more reactive bonds, and has a porosity that
allows for a rapid in-diffusion of small molecules.

The changes that take place in the spectral peak
and width of the Si0O(g) band with increasing OH
incorporation substantiate this picture. Specifi-
cally, with increasing OH incorporation, the spec-
tral peak shifts to higher wavenumber and the
FWHM decreases. Both of these trends are in ac-
cord with removal of Si-0-Si bonds at the low wave-
number side of the distribution. This is further ex-
emplified by a steepening of the low wavenumber
side slope of the SiO(s) band. As these narrower an-
gle bonds are removed, the distribution of absorb-
ing 8i0 units in the film shifts to larger angle bonds,
and the overall spread in the distribution dimin-
ishes (FWHM decreases). Moreover, the Remote
PECVD SiQ, films can be made immune to attack
by atmospheric water by annealing for short-times
(FA) at sufficiently high temperatures, >700-800° C
(Fig. 7). Heating the oxide reverses the OIH for-
mation reaction, and provides enough molecular
motion for most of the bonds fo rearrange in a more
relaxed state.”® The temperature and time of the FA
used in these experiments was insufficient to com-
pletely relax the Remote PECVD oxide, but it has
been shown elsewhere that FA or rapid thermal an-
nealing (RTA) at higher temperatures, >1050° C for
100s can render Remote PECVD oxides essentially
indistinguishable from a thermally grown oxide
processes at the same temperature.’®

V. SUMMARY

We have shown that there are two sources from
which Si-OH groups can form in oxide films de-
posited at low temperatures by Remote PECVD, both
of these are via extrinsic processes: (i) OH species
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present in the chamber as a by-product of the de-
position reactions; and (ii) H,O present outside the
chamber in the atmosphere. Atmospheric H,O pref-
erentially reacts with Si-0-Si groups with smaller
bond angles. These bonds are more reactive than re-
laxed Si-0-58i bonds, and perhaps more accessible to
attack because of localized increases in the bond-
free volume that are evident in the increased etch
rates of these films in buffered HF.” The molecular
species and the reaction pathway for intra-chamber
OH incorporation appears to be different than the
atmospheric mechanism. At {his time it is not pos-
sible to propose a specific OH containing species or
a particular pathway that will lead to random, rather
than spatially correlated Si-OH groups.

We have further shown that a-Si:H films (with
about 5 at. % H, and 800A thick) can act as diffu-
sion barriers that serve to prevent OH incorpora-
tion in the chamber, and in the laboratory ambient.
Flash annealing the films immediately after depo-
sition not only relaxes the bond-angle distribu-
tion,'™ but also renders the film immune to attack
by atmospheric water with two mechanisms con-
tributing to the chemieal inertness: (i) the relaxa-
tion of the 5i-0-5i bond angle distribution to larger
bond angles, and hence less reactive configurations;
and (i) film densification which limits the in dif-
fusion of atmospheric H,0, and also etchants such
as buffered HF. Finally, we have shown, in this pa-
per and in previous publications, that OH can be
eliminated from SiQ, thin films by an appropriate
choice of deposition and post-deposition conditions,
and that the incorporation of OH groups in the films
diseussed in this paper was intentional and not in
any way an inherent characteristic of the Remote
PECVD process.
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