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The effect of rapid thermal annealing processes on the properties ¢f 8@ SiN 55 films was
studied. The films were deposited at room temperature frgrard SiH, gas mixtures, and N O,,

and SiH, gas mixtures, respectively, using the electron cyclotron resonance technique. The films
were characterized by Fourier transform infrared spectros¢BpiR) and electron paramagnetic
resonance spectroscopy. According to the FTIR characterization, the #ifs 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-knoh center Si dangling bonds due to the formation of
Si—H bonds. A very low density of defects ¥5.0'®cm™3) is observed over the whole annealing
temperature range. For the Si]} 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 Physids§0021-89780)05903-X]

I. INTRODUCTION allows the deposition of the films at low temperatures. In
particular, the electron cyclotron resonafBcR) technique

the most extensively used dielectrics in the microelectronic§hows some mterestmg features in gddmon t9 th.e low ther-
industry. The Si/Si@ system is characterized by excellent mal budget requirement. A _very eff|C|er_1t activation _Of the
interface and electrical properties. However, as the scale difécursor gases can be achieved, allowing the use,ofiN
integration increases and the thickness of the dielectric i§tead of NH as the N atom source, which results in lower
reduced, the performance of Si® degraded due to tunnel- incorporation of hydrogen into the filrf$ Additionally, the

ing currents and permeability to boron and alkali ion diffu- damage due to ion bombardment is reduced, since the sub-
sion. SiN.:H shows better impermeability properties than strates are placed outside the plasma redion.

SiO,, as well as a higher dielectric constant which allows  However, plasma deposited films show worse electrical
physically thicker dielectrics with the same capacitance—properties than thermally grown ones. Rapid thermal anneal-
voltage performanc?eDifferen.t approaches have been devel-ing (RTA) post-deposition processes have been found to im-
oped to combine the properties of Si@nd SiNc:H, such as  rgye the performance of plasma deposited dielectrics, as the
stacked oxide-nitride—oxid®©NO) structyr.es?,nitr_ided sili- thermal relaxation of the lattice is induced while the low
con oxide films® or compound silicon oxinitride filmis* Ad- thermal budget requirement is satisffed 1012

e e o e eserof I G vor. he nfuence of RTA processes o th
X 9 bonding properties and density of defects in si@nd

—semiconductor field effect transistddISFETS.>® N _ :
The requirements of ultralarge scale integratioh.SI) SiN, :H films deposited by the ECR plasma technique are
nalyzed and compared.

technology have stimulated the development of low thermaf! ) )

budget processes for the deposition of device quality,Si0  Fourier transform mfrareq SPECUOSCO@HR) was em-

and SiN.:H. Plasma-enhanced chemical vapor depositiorPloyed in order to characterize the bonding and structural

(PECVD) techniques are of great interest as they make use dgiroperties of the films. This technique provides information

a plasma for the generation of active precursor species whichn the different bonds present in the film, which show char-
acteristic absorption bands, as well as information regarding

dAuthor to whom correspondence should be addressed; electronic maiF.he strugtural order, 'Since th_e width of these bands is related

imartil@eucmax.sim.ucm.es to the different bonding environments.

Silicon oxide (SiQ) and silicon nitride (Sil:H) are
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The density of defects was studied by electron paramag: E— a0 Stet (mohasey '
. . . 1 i-O Stret. (in-phase)
netic resonancéEPR. This technique has proven to be a 0.754 ! |
powerful tool for the detection of characteristic defects in Si-oI Rock.
amorphous Sil:H (K andN center$®and SiQ (E’ andP, .~ 060+ Si-0 Bend. SO Stret. out-ofphase) -
16,17 = 4 [ .
centers. S ous. /L/\ Sio,
3 ] Si-N Stret. R=x/y
Il. EXPERIMENT & 0.30- ‘ i
go
All samples were deposited using an Astex ECR plasmag 015  siBreat. |
source, model AX-4500, attached to an in-house designe( | N-H Bend.
deposition chamber, pumped by a turbomolecular pump. De: .00 L
tails of the deposition system are given elsewH&®iN, : H

T T T T T T T T T
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films were deposited from Nand SiH, mixtures, with a 400 600
N,/SiH, ratio of 7.5, while silicon oxide films were depos-
ited from N,, O,, and SiH mixtures, with Q/SiH,=4.5

and (N+0,)/SiH,=9.1. For all depositions, the total gas

flow, pressure, and microwave power were kept constant at

10.5 sccm, 0.7 mTorr, and 100 W, respectively. Substrategands, located at 1069, 814, and 457 &nrespectively?

were not intentionally heated and the deposition temperaturQo 0—H or Si—H bands were detected. The Si—O stretching
was estimated to be about 50°C. The composition of th@ang can be decomposed in a sharp band centered near 1075
nitride films was previously determined by Rutherford back-coy~1  and a broad shoulder located around 1130-1150
scattering to be=1.551° Auger electron spectroscopy mea- ¢y-12223These bands are attributed to the in-phase and out-
surements performed on the oxide films indicated that thgyf.phase motion of the oxygen atoffsThe ratio of the
samples consisted of Sj@, with no detectable incorpora- gpguider height versus the height of the maxim(Rh has

tion of nitrogenZ® _ _ been used to characterize the high frequency shoulder. As the
High resistivity (80 2 cm p-type S{111) wafers polished ~ o/sj ratio of the films decreases from the stoichiometric
on both sides were used as substrate for all samples. T%Iue(0/8i=2), a shift of the stretching band to lower wave
substrates were cleaned by using standard chemic@lmpers, as well as an increaseRrhas been reported, in-
procedures? After deposition of the dielectric, severakl  gicating that these parameters are related to the composition
cm samples were cut from the same deposited film to peryf the silicon oxide’ All these characteristics are shown in
form RTA processes at different temperatures, so that aIIEig_ 1 for the as-deposited Sj@ilms.
samples in a series were deposited under the same condi- Figure 2 shows the wave number of the Si—O stretching
tions. As-deposited, nonannealed samples were also savedgdgnd and the parametBras a function of annealing tempera-
use as a reference. The thickness of the films was about 3QQ,e (T.) for SiO,, samples. The results are averaged over
nm for FTIR characterization, while a stack of five films with 5 different seriés, which show essentially the same values.
a total dielectric thickness of 1.5—-@m was used for the For T, up to 500 °C, there is no change in the wave number
EPR measurements. . while R marginally decreases. Whéf, increases from 500
RTA processes were performed in a Modular Procesg, 1000 °C, the maximum of the band shifts to higher wave
Technology furnace, model RTP-600, equipped with &y mbers up to 1080 cit. A decrease oR from 0.27 to 0.23
graphite susceptor. Samples were annealed at temperatuigsa|so observed when increasiiig. The values ofR re-
ranging between 300 and 1050 °C for 30 s in an argon atMayorted in this work are lower than those reported in Ref. 22
sphere. for SiO, samples, but are similar to those reported by other

FTIR spectroscopy was performed using a Nicolety,thors for ECR deposited silicon oxide filiffs.
Magna-IR 750 series Il spectrometer working in the trans-

mission mode at normal incidence. The N—H content of the

FIG. 1. FTIR spectra of SiQand SiN g films.

silicon nitride films was determined from the N—H stretching . 10821 — —0.28
band according to the method developed by Lanford and§ 1] i
Rand?! The spectrum of the deposited film was obtained by & ro-27
subtracting the substrate spectrum from the total signalE 7] g
(substrate-deposited filr. 3 fore] h_aveumber 0% %

The EPR measurements were performed at room tem-‘; 10741 Loos &
perature using a Bruker ESP 300&band spectrometer at = ] I 3
0.5 mW power, which is low enough to prevent the satura- § 19727 Loos 2
tion of the signal. £ o704 R

9 1068- F0.23

I1l. RESULTS AND DISCUSSION @

A. FTIR spectroscopy
The FTIR spectra of the as-deposited $ifdms show

FIG. 2. Wave number and shoulder/peak ratio of the Si—O stretching band
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the characteristic Si—O stretching, bending and rockings a function of annealing temperature for Si@amples.
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FIG. 3. Shoulder to peak ratio of the Si—O stretching band as a function of
the wave number of the maximum.

The full width at half maximum(FWHM) of the Si—-O

The shift of the stretching band is unlikely to be corre- stretching band as a function @f, is shown in Fig. 4. This
lated with changes in the composition of the films, since thgparameter is related to the statistical distribution of different
as-deposited samples are already stoichiometrig §i@®/e  bonding environments, so that a lower value of the FWHM
attribute the increase in the frequency of the stretching bantheans a lower dispersion of local environments and a higher
to an increase in the SD—Sibond angle. According to the structural order of the film*?®> The FWHM of the SiQ,
central force model, the wave number or frequency of thdilms remains constant at about 87 chior T, up to 600 °C.
Si—O0 stretching vibration is given by As T, is increased from this value, the FWHM decreases,
together with an increase in the frequency of the maximum,
until a value of 77 cm? for T,=1000°C is reached. This
where@ is half of the S-O-Sibond angle and, is empiri-  behavior reveals an improvement in the structural order of
cally determined to be 1134 crh assumingd=72° for a the film with increasing’, . This result is very similar to that
fully relaxed thermally grown Si@with v=1078.5cm.?®>  reported for ECR deposited nitrided silicon oxide films using
This bond angle is also directly related to the distance beN,O as precursor gas instead of a mixture gfand Q.5 It
tween the Si atoms bonded to the O atom. Fitkal. have is important to mark the tight correlation between the
shown that the Si—Si distance, or equivalently, theG+Si FWHM and the frequency of the Si—O stretching band. The
bond angle or frequency of the Si—O stretching band can bstructural ordering evidenced by the decrease in FWHM
related to the local atomic strain in the Si@etwork which  takes place in the sanie, range(600—1000 °¢ as the de-
is proportional to the compressive stress in the film, so thatrease in the stress deduced from the shift of the peak to
as the frequency of the band approaches the thermal oxidd@gher wave numbers.
value (1078.5 cm?), the stress decreas®s. The improvements in the SiQ properties obtained by

In our samples, as the annealing temperature increas€TA are better than those reported by our research group
above 500°C, there is a continuous increase in the Si—@hen increasing the deposition temperature up to 208 °C.
stretching frequency from 1069 to 1080 chwhich is ex-  In order to achieve as-deposited properties equivalent to
plained by an increase in the bond angle as the relaxation @dhose of annealed samples, higher deposition temperatures
the lattice stress is induced. For annealing temperatures should be used, which may not satisfy the low thermal bud-
900-1000 °C, the frequency of the stretching band is essemet requirements of ULSI technology.
tially the same as in thermally grown oxides, while the ther-  Figure 1 shows the low frequency range of the FTIR
mal budget of the process is significantly lower. Similar re-spectrum of as-deposited Sii films. The spectrum shows
sults have been reported by other authors for PECVD silicom dominant band centered around 865 ¢rwith a small
oxide films!*?> ECR deposited nitrided SiOfilms® and rf  shoulder at 1175 cit, and two small bands located around
sputtered silicon oxide film& and related to improvements 480 and 3335 cit. These features are characteristic of sili-

v=vgsing, 1)

in the electrical propertie$?® con nitride films and are attributed to Si—N stretching, N—H
Together with the shift of the Si—O stretching band, abending, Si breathing, and N-H stretching vibrations,
decrease in the paramefis observed when increasifg . respectively’® No Si—H bonds were detected, which is ex-

Figure 3 shows the shoulder/peak rafiv of the Si—O pected due to the high N/Si ratio of these samplH£Si
stretching band as a function of the wave number of the=1.55).

maximum. A linear correlation between these parameters is As T, is increased, there is no significant change in the
found, as shown in Fig. 3. Even when there is no change iposition of the Si—N stretching band, but the FWHM is
the composition of the sample, the param&és still related  strongly affected, as shown in Fig. 4. Ag is increased up

to the frequency of the stretching band, and therefore, to the 900 °C, there is a continuous decrease in the FWHM from
Si—O-Sibond angle and stress of the film. 218 cm! to a minimum value of 194 cit. For higher
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FIG. 6. EPR spectra for SiQ and SiN s films.

annealing temperatures, the FWHM further increases. The

behavior of the SilNgs films is different from that of Si©  of the structural order of the lattice which may be associated

films. While the SiQ structural properties improve over the with the breaking of the N—H bonds without Si—N bond

whole annealing temperature range, there is an optimiym healing. Samples of Ref. 29 were deposited using; NH

value (T,=900°C) for the SiN s films; higher annealing while, in this work, N, was used. It is known that the use of

temperatures result in degraded properties of the films. N, instead of NH reduces the incorporation of H into the
Plasma-deposited silicon nitride films are characterizediims* Reaction(3) requires the presence of near-neighbor

by the presence of significant amounts of H in the form ofSiN-H groups. The lower H content of our samples, when

N—-H and Si—H bonds and molecular and atomic nonbondedompared to those of Ref. 29, results in a lower density of

H. This H is known to have an important role in the thermalneighbor SiN—H groups, so that the probability of reaction

relaxation processes of the netwdfi!1929:30 (3) taking place is low. The following reaction is proposed
Figure 5 shows the N—H bond concentration obtainednstead to explain the results obtained:

from the FTIR measurements as a function of annealing tem- : . .

perature for the SilNss samples. Foll, up to 700 °C, there is SIEN=H+SI=N-H—2(Si=N-) + HT, @

a slight increase in the N—H concentration. For temperatureghere N- is used to indicate that there is no Si—N bond

between 700 and 900 °C, the N—H content is roughly thehealing after the breaking of the N—H bonds. This breaking

same as in as-deposited films. Finally, fioy above 900°C, of N—H bonds without subsequent bond healing accounts for

there is a significant release of H due to the breaking of N—Hhe degradation of the lattice evidenced by the increase in the

bonds. The increase in the N—H content observed for mod=WHM of the Si—N stretching band.

erate annealing temperatures can only be explained by the

presence of nonbonded H which, in this temperature range,

reacts to form new N—H bonds. The release of H induced by. EPR results

RTA is usually governed by overall network reactions in- . . . .
volving both N—H and Si—H bonds. The following reactions Figure 6 shows the EPR signals for as-deposited, SiO

have been proposed in the literature for plasma-deposite nd SiN sssamples. The spect_rum of the $iims shows a
SiN, :H films:2® main feature for long values,g=2.0010—2.0020. The most

characteristic defects in SjCfilms are theE’ centet® and
Si—(NH)—Si+Si—H—Si—N-Si,+H,T, (2)  the P, center’ Low g values are characteristic of tHe'

. . L . center, so we conclude the observed signal is mainly due to
Si=(NH)=Si+Si—(NH)-Si—Si=N=Sh*+NH,1.  (3) g defect, although the exact kind Bf defect among all

Reaction(2) implies formation of new Si—N bonds at the the possible types can not be identified.

expense of the breaking of both Si—H and N—H bonds, fol-  The spectrum of the SiNs films shows a single peak
lowed by Si—N bond healing. This reaction is very unlikely centered around=2.0040. We attribute this signal to tle
to take place in the films studied in this work, since the Si—Hcenter. The exact location of the EPR signal for this center
concentration is below the detection limit. Additionally, no shifts from 2.0055 for-SiE=Si; to 2.0028 for-Si=N,.*°
significant increase in the area of the Si—N stretching band i§iven the high N/Si ratio of our samples, th8=N; con-
observed. Regarding reactid@B), this reaction implies the figuration is the most probable one. The shiftgofrom the
loss of N due to the formation of volatile NHspecies. It has 2.0028 value is attributed to possible contributions of differ-
been shown in previous wotk that the annealing of our ent defects, such asSE=SiN, configurations,-SE=Si,O
ECR deposited SiNss samples does not result in any N loss, groups which may appear due to O contaminaffoor, even
so we conclude that reactiaB8) does not occur or is negli- the influence of N dangling bond$.Similar g values to
gible. Additionally, the increase in the FWHM observed for those obtained in this work have been reported for high N/Si
annealing temperatures above 900 °C suggests a degradatiaiio silicon nitride films>?
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First, the SiQ total spin density is about one order of mag-

nitude lower than for SiNgs, with values ranging around

1 2-5x10%cm 3. As T, increases, there is also a minimum

] in Nq for SiO, samples, but the corresponding temperature is

about 300—400 °C instead of 500—600 °C as observed for

SiN; 55. Again, the EPR and FTIR measurements seem not

to be correlated, since the FTIR results show a continuous

relaxation up to 1000 °C. As previously discussed, EPR is

significantly more sensitive than FTIR, allowing the detec-

tion of defects which may not have any effect on the FTIR

spectrum. The behavior of the SiG@ilms is tentatively ex-

3 . — plained in a similar way as for SiNs. The presence of H

0 200 400 600 800 1000 has been reported in ECR deposited Siins.>* Our results
Annealing Temperature (°C) can be explained by assuming the presence of H below the

FTIR detection limit or nonbonded H. AE, increases, this

FIG. 7. Spin density for Sigy,and SiN 55 samples as a function of anneal- H can passivate Si dangling bonds while, fiy=600 °C,

ing temperature. this H is released and the spin density becomes the same as

in as-deposited films. It must be noted that very Ibly

values are observed over the whole annealing temperature

Figure 7 shows the total spin densit){{) as a function range.
of annealing temperatureT{) for both SiG and SiN g The effect of RTA on the electrical properties of $ity
films. The values for the SiOfilms, which are lower and Samples has been studied in detail in a previous péger.
may be more affected by noise, are averaged over three difhat work, it was found that the minimum Ny was corre-
ferent Samp|es for each annea”ng temperature. lated with the minimum in the density of interfacial states,

The SiN_L55 Spin density decreases as increases up to Dy, and with the best resistivity and breakdown field values.
500-600°C. The minimum value ofN4 is about 1  However, this conclusion can not be directly extended to
X 10cm™2 and is obtained foff,=500°C. For tempera- SIO; films, since the H content plays a key role in the prop-
tures above 600 °Q\4 increases with respect to the mini- erties of SiN g5 films and the H content of the SjGilms is
mum value. significantly lower. Improvements in the electrical properties

The EPR results can be explained by taking into accoun®f silicon oxide films have been reported for annealing tem-
the presence of nonbonded H, deduced from the increase Reratures around 1000 “€° These improvements are re-
the N=H bond concentration. It has been shown in a previou@ted to the thermal relaxation of the lattice observed for
paper that there is an increase in the Si—H bond concentrdhese high annealing temperatures. However, the minimum
tion when increasingl, up to 500°C for silicon nitride 1N Ng observed in this work foff ,=300-400°C, together
samples with lower N/Si ratio valugbl/Si=0.97).° The ob-  With the relationship betweeNy and the electrical proper-
served decrease iy in the low annealing temperature ties, suggests the possibility of low annealing temperatures
range can be explained by the same mechanism also takir@$ an alternate method to improve the performance of SiO
place in the samples of this work. The formation of Si—H films.
bonds at the expense of nonbonded H results in a passivation
of the EPR active Si dangling bonds, with a subsequent de-
crease inNg. These Si—H bonds are not observed by FTIR\, syumMARY
because the concentration is below the detection limit. For
T, above 600 °C, there is a release of H from the Si-H  The effect of RTA processes on the bonding structure
bonds which accounts for the increaseNg. and density of defects in S and SIN 55 films was ana-

The optimum annealing temperature valud,, lyzed. The films were deposited at room temperature using
=500°C, corresponding to the minimum Ny deduced the ECR plasma technique. For the $iJilms, a thermal
from EPR, is different from the value obtained by FTIR for relaxation of the lattice and stress relief is observed over the
the minimum of the FWHM and maximum structural order, whole annealing temperature range between 600 and
which occur forT,=900 °C. It must be noted that tHe, 1000 °C. The characteristics of the IR spectrum for samples
values range around 16-10'cm™3, which is orders of annealed between 900 and 1000 °C are essentially the same
magnitude below the FTIR detection limit. So, the mecha-as thermally grown oxides and are better than those obtained
nisms responsible for the behavior of the EPR signal may ndior nonannealed films deposited at 200 °C. Concerning the
be detectable by FTIR. Furthermore, the FTIR results aré&EPR results, a minimum in the density of defects is observed
related to structural relaxation processes, while the behavidor annealing temperatures between 300 and 400 °C. This
of the EPR signal is explained by the passivation of Si danbehavior is attributed to the passivation of defects by the
gling bonds. Therefore, the two measurements are not coriermation of Si—H bonds from the nonbonded H present in
tradictory, but account for different mechanisms. the film. These results suggest the possibility of low tem-

Concerning the Si©samples, the behavior is similar to perature annealing processes for improvement in the quality
that observed for SiNss, but there are some differences. of SiO, films.

N, (cm™)
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