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Rapid thermal annealing effects on the structural properties
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by electron cyclotron resonance
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E-28049 Madrid, Spain

~Received 27 July 1999; accepted for publication 19 October 1999!

The effect of rapid thermal annealing processes on the properties of SiO2.0 and SiN1.55 films was
studied. The films were deposited at room temperature from N2 and SiH4 gas mixtures, and N2, O2 ,
and SiH4 gas mixtures, respectively, using the electron cyclotron resonance technique. The films
were characterized by Fourier transform infrared spectroscopy~FTIR! and electron paramagnetic
resonance spectroscopy. According to the FTIR characterization, the SiO2.0 films show continuous
stress relaxation for annealing temperatures between 600 and 1000 °C. The properties of the films
annealed at 900–1000 °C are comparable to those of thermally grown ones. The density of defects
shows a minimum value for annealing temperatures around 300–400 °C, which is tentatively
attributed to the passivation of the well-knownE8 center Si dangling bonds due to the formation of
Si–H bonds. A very low density of defects (531016cm23) is observed over the whole annealing
temperature range. For the SiN1.55 films, the highest structural order is achieved for annealing
temperatures of 900 °C. For higher temperatures, there is a significant release of H from N–H bonds
without any subsequent Si–N bond healing, which results in degradation of the structural properties
of the film. A minimum in the density of defects is observed for annealing temperatures of 600 °C.
The behavior of the density of defects is governed by the presence of non-bonded H and Si–H bonds
below the IR detection limit. ©2000 American Institute of Physics.@S0021-8979~00!05903-X#
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I. INTRODUCTION

Silicon oxide (SiO2) and silicon nitride (SiNx :H) are
the most extensively used dielectrics in the microelectron
industry. The Si/SiO2 system is characterized by excelle
interface and electrical properties. However, as the scal
integration increases and the thickness of the dielectri
reduced, the performance of SiO2 is degraded due to tunne
ing currents and permeability to boron and alkali ion diff
sion. SiNx :H shows better impermeability properties th
SiO2 , as well as a higher dielectric constant which allo
physically thicker dielectrics with the same capacitanc
voltage performance.1 Different approaches have been dev
oped to combine the properties of SiO2 and SiNx :H, such as
stacked oxide–nitride–oxide~ONO! structures,2 nitrided sili-
con oxide films,3 or compound silicon oxinitride films1,4 Ad-
ditionally, research is being devoted to the application
SiNx :H as the gate dielectric in III–V based metal–insula
–semiconductor field effect transistors~MISFETs!.5,6

The requirements of ultralarge scale integration~ULSI!
technology have stimulated the development of low therm
budget processes for the deposition of device quality S2

and SiNx :H. Plasma-enhanced chemical vapor deposit
~PECVD! techniques are of great interest as they make us
a plasma for the generation of active precursor species w

a!Author to whom correspondence should be addressed; electronic
imartil@eucmax.sim.ucm.es
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allows the deposition of the films at low temperatures.
particular, the electron cyclotron resonance~ECR! technique
shows some interesting features in addition to the low th
mal budget requirement. A very efficient activation of th
precursor gases can be achieved, allowing the use of N2 in-
stead of NH3 as the N atom source, which results in low
incorporation of hydrogen into the films.7,8 Additionally, the
damage due to ion bombardment is reduced, since the
strates are placed outside the plasma region.9

However, plasma deposited films show worse electri
properties than thermally grown ones. Rapid thermal ann
ing ~RTA! post-deposition processes have been found to
prove the performance of plasma deposited dielectrics, as
thermal relaxation of the lattice is induced while the lo
thermal budget requirement is satisfied.2–4,10–13

In this work, the influence of RTA processes on t
bonding properties and density of defects in SiO2 and
SiNx :H films deposited by the ECR plasma technique
analyzed and compared.

Fourier transform infrared spectroscopy~FTIR! was em-
ployed in order to characterize the bonding and structu
properties of the films. This technique provides informati
on the different bonds present in the film, which show ch
acteristic absorption bands, as well as information regard
the structural order, since the width of these bands is rela
to the different bonding environments.14
il:
7 © 2000 American Institute of Physics
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The density of defects was studied by electron param
netic resonance~EPR!. This technique has proven to be
powerful tool for the detection of characteristic defects
amorphous SiNx :H ~K andN centers!15 and SiO2 (E8 andPb

centers!.16,17

II. EXPERIMENT

All samples were deposited using an Astex ECR plas
source, model AX-4500, attached to an in-house desig
deposition chamber, pumped by a turbomolecular pump.
tails of the deposition system are given elsewhere.18 SiNx :H
films were deposited from N2 and SiH4 mixtures, with a
N2/SiH4 ratio of 7.5, while silicon oxide films were depos
ited from N2, O2 , and SiH4 mixtures, with O2/SiH454.5
and (N21O2!/SiH459.1. For all depositions, the total ga
flow, pressure, and microwave power were kept constan
10.5 sccm, 0.7 mTorr, and 100 W, respectively. Substra
were not intentionally heated and the deposition tempera
was estimated to be about 50 °C. The composition of
nitride films was previously determined by Rutherford bac
scattering to bex51.55.19 Auger electron spectroscopy me
surements performed on the oxide films indicated that
samples consisted of SiO2.0, with no detectable incorpora
tion of nitrogen.20

High resistivity~80 V cm p-type Si~111! wafers polished
on both sides were used as substrate for all samples.
substrates were cleaned by using standard chem
procedures.19 After deposition of the dielectric, several 131
cm samples were cut from the same deposited film to p
form RTA processes at different temperatures, so that
samples in a series were deposited under the same c
tions. As-deposited, nonannealed samples were also sav
use as a reference. The thickness of the films was about
nm for FTIR characterization, while a stack of five films wi
a total dielectric thickness of 1.5–3mm was used for the
EPR measurements.

RTA processes were performed in a Modular Proc
Technology furnace, model RTP-600, equipped with
graphite susceptor. Samples were annealed at tempera
ranging between 300 and 1050 °C for 30 s in an argon at
sphere.

FTIR spectroscopy was performed using a Nico
Magna-IR 750 series II spectrometer working in the tra
mission mode at normal incidence. The N–H content of
silicon nitride films was determined from the N–H stretchi
band according to the method developed by Lanford
Rand.21 The spectrum of the deposited film was obtained
subtracting the substrate spectrum from the total sig
~substrate1deposited film!.

The EPR measurements were performed at room t
perature using a Bruker ESP 300EX-band spectrometer a
0.5 mW power, which is low enough to prevent the satu
tion of the signal.

III. RESULTS AND DISCUSSION

A. FTIR spectroscopy

The FTIR spectra of the as-deposited SiO2 films show
the characteristic Si–O stretching, bending and rock
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

147.96.14.15 On: Thu, 1
g-

a
d

e-

at
s

re
e
-

e

he
al

r-
ll
di-
to

00

s
a
res
o-

t
-
e

d
y
al

-

-

g

bands, located at 1069, 814, and 457 cm21, respectively.22

No O–H or Si–H bands were detected. The Si–O stretch
band can be decomposed in a sharp band centered near
cm21, and a broad shoulder located around 1130–11
cm21.22,23These bands are attributed to the in-phase and
of-phase motion of the oxygen atoms.22 The ratio of the
shoulder height versus the height of the maximum~R! has
been used to characterize the high frequency shoulder. As
O/Si ratio of the films decreases from the stoichiomet
value~O/Si52!, a shift of the stretching band to lower wav
numbers, as well as an increase inR has been reported, in
dicating that these parameters are related to the compos
of the silicon oxide.22 All these characteristics are shown
Fig. 1 for the as-deposited SiO2 films.

Figure 2 shows the wave number of the Si–O stretch
band and the parameterRas a function of annealing tempera
ture (Ta) for SiO2.0 samples. The results are averaged o
two different series, which show essentially the same valu
For Ta up to 500 °C, there is no change in the wave num
while R marginally decreases. WhenTa increases from 500
to 1000 °C, the maximum of the band shifts to higher wa
numbers up to 1080 cm21. A decrease ofR from 0.27 to 0.23
is also observed when increasingTa . The values ofR re-
ported in this work are lower than those reported in Ref.
for SiO2 samples, but are similar to those reported by ot
authors for ECR deposited silicon oxide films.24

FIG. 1. FTIR spectra of SiO2 and SiN1.55 films.

FIG. 2. Wave number and shoulder/peak ratio of the Si–O stretching b
as a function of annealing temperature for SiO2.0 samples.
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The shift of the stretching band is unlikely to be corr
lated with changes in the composition of the films, since
as-deposited samples are already stoichiometric SiO2.0. We
attribute the increase in the frequency of the stretching b
to an increase in the Si–O–Sibond angle. According to the
central force model, the wave number or frequency of
Si–O stretching vibration is given by

v5v0 sinu, ~1!

whereu is half of the Si–O–Sibond angle andv0 is empiri-
cally determined to be 1134 cm21 assumingu572° for a
fully relaxed thermally grown SiO2 with v51078.5 cm21.25

This bond angle is also directly related to the distance
tween the Si atoms bonded to the O atom. Fitchet al. have
shown that the Si–Si distance, or equivalently, the Si–O–Si
bond angle or frequency of the Si–O stretching band can
related to the local atomic strain in the SiO2 network which
is proportional to the compressive stress in the film, so t
as the frequency of the band approaches the thermal o
value ~1078.5 cm21!, the stress decreases.25

In our samples, as the annealing temperature incre
above 500 °C, there is a continuous increase in the S
stretching frequency from 1069 to 1080 cm21, which is ex-
plained by an increase in the bond angle as the relaxatio
the lattice stress is induced. For annealing temperature
900–1000 °C, the frequency of the stretching band is es
tially the same as in thermally grown oxides, while the th
mal budget of the process is significantly lower. Similar
sults have been reported by other authors for PECVD sili
oxide films,14,25 ECR deposited nitrided SiO2 films3 and rf
sputtered silicon oxide films,26 and related to improvement
in the electrical properties.3,26

Together with the shift of the Si–O stretching band
decrease in the parameterR is observed when increasingTa .
Figure 3 shows the shoulder/peak ratioR of the Si–O
stretching band as a function of the wave number of
maximum. A linear correlation between these parameter
found, as shown in Fig. 3. Even when there is no chang
the composition of the sample, the parameterR is still related
to the frequency of the stretching band, and therefore, to
Si–O–Sibond angle and stress of the film.

FIG. 3. Shoulder to peak ratio of the Si–O stretching band as a functio
the wave number of the maximum.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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The full width at half maximum~FWHM! of the Si–O
stretching band as a function ofTa is shown in Fig. 4. This
parameter is related to the statistical distribution of differe
bonding environments, so that a lower value of the FWH
means a lower dispersion of local environments and a hig
structural order of the film.14,25 The FWHM of the SiO2.0

films remains constant at about 87 cm21 for Ta up to 600 °C.
As Ta is increased from this value, the FWHM decreas
together with an increase in the frequency of the maximu
until a value of 77 cm21 for Ta51000 °C is reached. This
behavior reveals an improvement in the structural order
the film with increasingTa . This result is very similar to tha
reported for ECR deposited nitrided silicon oxide films usi
N2O as precursor gas instead of a mixture of N2 and O2.3 It
is important to mark the tight correlation between t
FWHM and the frequency of the Si–O stretching band. T
structural ordering evidenced by the decrease in FWH
takes place in the sameTa range~600–1000 °C! as the de-
crease in the stress deduced from the shift of the pea
higher wave numbers.

The improvements in the SiO2.0 properties obtained by
RTA are better than those reported by our research gr
when increasing the deposition temperature up to 200 °27

In order to achieve as-deposited properties equivalen
those of annealed samples, higher deposition temperat
should be used, which may not satisfy the low thermal b
get requirements of ULSI technology.

Figure 1 shows the low frequency range of the FT
spectrum of as-deposited SiN1.55 films. The spectrum shows
a dominant band centered around 865 cm21 with a small
shoulder at 1175 cm21, and two small bands located aroun
480 and 3335 cm21. These features are characteristic of s
con nitride films and are attributed to Si–N stretching, N–
bending, Si breathing, and N–H stretching vibration
respectively.28 No Si–H bonds were detected, which is e
pected due to the high N/Si ratio of these samples~N/Si
51.55!.

As Ta is increased, there is no significant change in
position of the Si–N stretching band, but the FWHM
strongly affected, as shown in Fig. 4. AsTa is increased up
to 900 °C, there is a continuous decrease in the FWHM fr
218 cm21 to a minimum value of 194 cm21. For higher

of

FIG. 4. FWHM of the Si–O stretching band of SiO2.0 samples and FWHM
of the Si–N stretching band of SiN1.55 samples, as a function of annealin
temperature.
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annealing temperatures, the FWHM further increases.
behavior of the SiN1.55 films is different from that of SiO2
films. While the SiO2 structural properties improve over th
whole annealing temperature range, there is an optimumTa

value (Ta5900 °C) for the SiN1.55 films; higher annealing
temperatures result in degraded properties of the films.

Plasma-deposited silicon nitride films are characteri
by the presence of significant amounts of H in the form
N–H and Si–H bonds and molecular and atomic nonbon
H. This H is known to have an important role in the therm
relaxation processes of the network.10,11,19,29,30

Figure 5 shows the N–H bond concentration obtain
from the FTIR measurements as a function of annealing t
perature for the SiN1.55samples. ForTa up to 700 °C, there is
a slight increase in the N–H concentration. For temperatu
between 700 and 900 °C, the N–H content is roughly
same as in as-deposited films. Finally, forTa above 900 °C,
there is a significant release of H due to the breaking of N
bonds. The increase in the N–H content observed for m
erate annealing temperatures can only be explained by
presence of nonbonded H which, in this temperature ran
reacts to form new N–H bonds. The release of H induced
RTA is usually governed by overall network reactions
volving both N–H and Si–H bonds. The following reactio
have been proposed in the literature for plasma-depos
SiNx :H films:29

Si2~NH!2Si1Si2H→Si2N-Si21H2↑, ~2!

Si2~NH!2Si1Si2~NH!-Si→Si2N2Si21NH2↑. ~3!

Reaction~2! implies formation of new Si–N bonds at th
expense of the breaking of both Si–H and N–H bonds,
lowed by Si–N bond healing. This reaction is very unlike
to take place in the films studied in this work, since the Si
concentration is below the detection limit. Additionally, n
significant increase in the area of the Si–N stretching ban
observed. Regarding reaction~3!, this reaction implies the
loss of N due to the formation of volatile NH2 species. It has
been shown in previous work19 that the annealing of ou
ECR deposited SiN1.55 samples does not result in any N los
so we conclude that reaction~3! does not occur or is negli
gible. Additionally, the increase in the FWHM observed f
annealing temperatures above 900 °C suggests a degrad

FIG. 5. N–H bond concentration as a function of annealing temperature
SiN1.55 samples.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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of the structural order of the lattice which may be associa
with the breaking of the N–H bonds without Si–N bon
healing. Samples of Ref. 29 were deposited using N3

while, in this work, N2 was used. It is known that the use o
N2 instead of NH3 reduces the incorporation of H into th
films.4 Reaction~3! requires the presence of near-neighb
SiN–H groups. The lower H content of our samples, wh
compared to those of Ref. 29, results in a lower density
neighbor SiN–H groups, so that the probability of reacti
~3! taking place is low. The following reaction is propose
instead to explain the results obtained:

Si2N2H1Si2N2H→2~Si2N–)1H2↑, ~4!

where N– is used to indicate that there is no Si–N bo
healing after the breaking of the N–H bonds. This break
of N–H bonds without subsequent bond healing accounts
the degradation of the lattice evidenced by the increase in
FWHM of the Si–N stretching band.

B. EPR results

Figure 6 shows the EPR signals for as-deposited S2

and SiN1.55 samples. The spectrum of the SiO2 films shows a
main feature for lowg values,g52.0010– 2.0020. The mos
characteristic defects in SiO2 films are theE8 center16 and
the Pb center.17 Low g values are characteristic of theE8
center, so we conclude the observed signal is mainly du
this defect, although the exact kind ofE8 defect among all
the possible types can not be identified.

The spectrum of the SiN1.55 films shows a single peak
centered aroundg52.0040. We attribute this signal to theK
center. The exact location of the EPR signal for this cen
shifts from 2.0055 for–SiwSi3 to 2.0028 for–SiwN3.15

Given the high N/Si ratio of our samples, the–SiwN3 con-
figuration is the most probable one. The shift ofg from the
2.0028 value is attributed to possible contributions of diffe
ent defects, such as–SiwSiN2 configurations,–SiwSi2O
groups which may appear due to O contamination,31 or even
the influence of N dangling bonds.32 Similar g values to
those obtained in this work have been reported for high N
ratio silicon nitride films.32

or

FIG. 6. EPR spectra for SiO2.0 and SiN1.55 films.
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Figure 7 shows the total spin density (Nd) as a function
of annealing temperature (Ta) for both SiO2 and SiN1.55

films. The values for the SiO2 films, which are lower and
may be more affected by noise, are averaged over three
ferent samples for each annealing temperature.

The SiN1.55 spin density decreases asTa increases up to
500–600 °C. The minimum value ofNd is about 1
31017cm23 and is obtained forTa5500 °C. For tempera-
tures above 600 °C,Nd increases with respect to the min
mum value.

The EPR results can be explained by taking into acco
the presence of nonbonded H, deduced from the increas
the N–H bond concentration. It has been shown in a previ
paper that there is an increase in the Si–H bond concen
tion when increasingTa up to 500 °C for silicon nitride
samples with lower N/Si ratio values~N/Si50.97!.19 The ob-
served decrease inNd in the low annealing temperatur
range can be explained by the same mechanism also ta
place in the samples of this work. The formation of Si–
bonds at the expense of nonbonded H results in a passiv
of the EPR active Si dangling bonds, with a subsequent
crease inNd . These Si–H bonds are not observed by FT
because the concentration is below the detection limit.
Ta above 600 °C, there is a release of H from the Si
bonds which accounts for the increase inNd .

The optimum annealing temperature value,Ta

5500 °C, corresponding to the minimum inNd deduced
from EPR, is different from the value obtained by FTIR f
the minimum of the FWHM and maximum structural orde
which occur forTa5900 °C. It must be noted that theNd

values range around 1017– 1018cm23, which is orders of
magnitude below the FTIR detection limit. So, the mech
nisms responsible for the behavior of the EPR signal may
be detectable by FTIR. Furthermore, the FTIR results
related to structural relaxation processes, while the beha
of the EPR signal is explained by the passivation of Si d
gling bonds. Therefore, the two measurements are not
tradictory, but account for different mechanisms.

Concerning the SiO2 samples, the behavior is similar t
that observed for SiN1.55, but there are some difference

FIG. 7. Spin density for SiO2.0 and SiN1.55 samples as a function of annea
ing temperature.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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First, the SiO2 total spin density is about one order of ma
nitude lower than for SiN1.55, with values ranging around
2 – 531016cm23. As Ta increases, there is also a minimu
in Nd for SiO2 samples, but the corresponding temperature
about 300–400 °C instead of 500–600 °C as observed
SiN1.55. Again, the EPR and FTIR measurements seem
to be correlated, since the FTIR results show a continu
relaxation up to 1000 °C. As previously discussed, EPR
significantly more sensitive than FTIR, allowing the dete
tion of defects which may not have any effect on the FT
spectrum. The behavior of the SiO2 films is tentatively ex-
plained in a similar way as for SiN1.55. The presence of H
has been reported in ECR deposited SiO2 films.33 Our results
can be explained by assuming the presence of H below
FTIR detection limit or nonbonded H. AsTa increases, this
H can passivate Si dangling bonds while, forTa5600 °C,
this H is released and the spin density becomes the sam
in as-deposited films. It must be noted that very lowNd

values are observed over the whole annealing tempera
range.

The effect of RTA on the electrical properties of SiN1.55

samples has been studied in detail in a previous paper.10 In
that work, it was found that the minimum inNd was corre-
lated with the minimum in the density of interfacial state
D it , and with the best resistivity and breakdown field valu
However, this conclusion can not be directly extended
SiO2 films, since the H content plays a key role in the pro
erties of SiN1.55 films and the H content of the SiO2 films is
significantly lower. Improvements in the electrical properti
of silicon oxide films have been reported for annealing te
peratures around 1000 °C.3,26 These improvements are re
lated to the thermal relaxation of the lattice observed
these high annealing temperatures. However, the minim
in Nd observed in this work forTa5300– 400 °C, together
with the relationship betweenNd and the electrical proper
ties, suggests the possibility of low annealing temperatu
as an alternate method to improve the performance of S2

films.

IV. SUMMARY

The effect of RTA processes on the bonding struct
and density of defects in SiO2.0 and SiN1.55 films was ana-
lyzed. The films were deposited at room temperature us
the ECR plasma technique. For the SiO2.0 films, a thermal
relaxation of the lattice and stress relief is observed over
whole annealing temperature range between 600
1000 °C. The characteristics of the IR spectrum for samp
annealed between 900 and 1000 °C are essentially the s
as thermally grown oxides and are better than those obta
for nonannealed films deposited at 200 °C. Concerning
EPR results, a minimum in the density of defects is obser
for annealing temperatures between 300 and 400 °C. T
behavior is attributed to the passivation of defects by
formation of Si–H bonds from the nonbonded H present
the film. These results suggest the possibility of low te
perature annealing processes for improvement in the qu
of SiO2 films.
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 [This a
For the SiN1.55 films, an improvement in the structura
order is observed for annealing temperatures up to 900
For higher annealing temperatures, the release of H du
the breaking of N–H bonds results in degradation of
properties of the film. The density of defects is correlated
the H content of the films. For temperatures up to 600
there is an increase in the N–H bond concentration an
decrease in the density of defects, which is again explai
by the formation of Si–H bonds. For higher annealing te
peratures, the release of H results in an increase in the
sity of defects. It is concluded that the H content plays a k
role in the thermal stability of the SiNx :H films.
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