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The effect of rapid thermal annealif&®TA) processes on the structural properties of SigH,

films was investigated. The samples were deposited by the electron cyclotron resonance plasma
method, using Sill, O, and N, as precursor gases. For SKQH, films with composition close to

that of SiQ, which have a very low H content, RTA induces thermal relaxation of the lattice and
improvement of the structural order. For films of intermediate composition and of compositions
close to SiNH,, the main effect of RTA is the release of H at high temperatufes{00 °C). This

H release is more significant in films containing both Si—H and N—H bonds, due to cooperative
reactions between both kinds of bonds. In these films the degradation of structural order associated
to H release prevails over thermal relaxation, while in those films with only N—H bonds, thermal
relaxation predominates. For annealing temperatures in the 500—700 °C range, the passivation of
dangling bonds by the nonbonded H in the films and the transition from the paramagnetic state to
the diamagnetic state of tliecenter result in a decrease of the density of paramagnetic defects. The

H release observed at high annealing temperatures is accompanied by an increase of density of
paramagnetic defects. @003 American Institute of Physic§DOI: 10.1063/1.1586979

I. INTRODUCTION may be induced, thereby improving or degrading the proper-
ties of the films.
The requirements for ultralarge scale integration technol-  |n previous work, our group has thoroughly studied the

ogy have stimulated the development of low thermal proinfluence of RTA processes on the properties of, BiNfilms
cesses for the growth of dielectric filmk8.0ne of the most deposited by ECR PECVE 2?2 Different bonding rear-
extended techniques for the deposition of silicon oxynitriderangement reactions that involve H bon@-H and N—H
films (in the following SiIQNyH,) at low temperatures is hondg, depending on the film composition and structure of
plasma enhanced chemical vapor depositi®ECVD),>®  the bonds, are activated by the RTA process. If both Si—H
with the remote PECVB®” or electron cyclotron resonance and N—H bonds are present in the films, cooperative reac-
(ECR-PECVD® *'variants. tions between both kinds of bonds take place, so the mecha-
While these techniques meet the low thermal budget renisms for the release of H are different from those in films
quirement, the quality of the as-deposited dielectric films isyith N—H bonds only. Additionally, the density of paramag-
not as good as that of thermally grown Sifims.'**3 netic defectgbasically theK centej is lowered and the elec-
Rapid thermal annealingRTA) processes allow high trical properties are improved for annealing temperatures in
temperature processing for a very short time, so the thermahe 500-600 °C range. For higher annealing temperatures the
budget is low, and they have been reported to improve theelease of H results in degradation of the properties of the
properties of dielectric films deposited at low fjims.
temperatures*' We have also previously studied the effects of RTA on
Additionally, it is usual that H present in precursor gasessjo, and SiQH, films.2>24 For stoichiometric H-free Si©
(such as Silj and NH) is incorporated into the deposited fiims, RTA results in thermal relaxation of the lattice and
films during the PECVD process. The role of this H and ofimprovement of the structural order. On the other hand, for
the thermal stability of the films during RTA is of great in- sypoxide films k=[OJ/[Si]=1), with a significant Si—H
terest, because network reactions and relaxation processggnd concentration, the release of H at annealing tempera-
tures above 400 °C results in a significant increase of the
dElectronic mail: alvarop@fis.ucm.es concentration of Si dangling bonds.
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Although silicon nitride and silicon oxide are exten- ® R=0.1,0=069 VY R=9.1,Q=127 X R=9.1,Q=1.62
; : ; e - - 4 R=16Q=053 O R=1.6,0=0.80
sively used in the microelectronics industry, silicon oxyni- 0ol - T : T —
tride emerges as a very interesting material due to the possi- ' X % X ¥ X X
bility to combine the properties of both materials. 0.8 .

In this work the influence of RTA on the structural prop-
erties and concentration of paramagnetic defects of
SiONyH, films deposited by ECR PECVD is studied in de-
tail. Samples with compositions over the whole range of
Si0,—SiN/H, are analyzed. Special attention is devoted to
the role of H: we studied samples with both Si—-H and N—-H 0.4
bonds and samples with N—H bonds only.
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II. EXPERIMENT

. ) . ) . FIG. 1. Composition parameter=2x/(2x+ 3y) determined by AES, as a
SiONyH, films were deposited using a commercial ECR function of the RTA temperature, for samples deposited at different gas flow

reactor(Astex AX4500 attached to a stainless steel deposi-ratios:R=[¢(0,) + ¢(N2) 1/ ¢(SiH,) and Q= #(O,)/ #(SiH,).

tion chambef® SiH,, O, and N, were used as precursor

gases. The total gas flow, pressure and microwave power .

were kept constant at 10.5 sccmx 90 “mbar and 100 W, nealed at temperatures ranging from 400 to 1000 °C for 30 s

respectively. The substrates were not intentionally heated ari argon atmosphere.

the deposition temperature was about 50 °C. The composition of the samples was measured by AES
The films were deposited on high resistivi§0 Qcm) ~ Using a JEOL systenJAMP-103, with a 5 keV electron

p-type Si(111) substrates. The substrates were cleaned usingéam with a diameter of 0.1 mm at normal incidence. The

standard procedur@8.The thickness of the samples was Samples were bombarded with 2 keV"Aions in order to

about 100 nm for Auger electron spectroscqAES) and ~ "each the bulk of the film.

ellipsometry measurements. For the electron paramagnetic | he structure of the bonds of the samples was analyzed

resonancgEPR) analysis stacks of films deposited by the Py FTIR spectroscopy using a Nicolet Magna-IR 750 series

same process to a total thickness of between 1500 and 250pSpectrometer working in transmission mode at normal in-

nm were used. Finally, Fourier transform infrarégTIR) ~ cidence. _ o

spectroscopy was performed on samples of 100, 300 and 500 The thickness of the films and the refractive index at

nm. He—Ne laser wavelength of 632.8 nm were measured by el-
Samp|es of different CompOsitions were deposited by ad”psometry USing a Gaertner L116B ellipsometer with its in-

justing the gas flow ratios. In previous work we have showrfidence and detection angles both set at 70°.

that the main deposition parameters that control Finally, the density of paramagnetic defects was ana-

the SIQN,H, composition in our process are the gas flow!yzed by EPR measurements using a Bruker ESP 3ROE
ratios: R=[¢(0,)+ #(N,)]/4(SiH,) and Q=¢(0,)/  band spectrometer. The microwave power was set at 0.5 mW

#(SiH,).112"28The parameteR determines the Si content tO avoid saturatio_n of the signgl and the density of defects
of the films, with higher Si contents for lower valuesRf ~Was evaluated using a weak pitch standard.

The paramete® determines the relative incorporation of O

and N, so the composition approaches that of,Si®param- ||| RESULTS

eter Q is increased. Three different values of paramé&er
were used in this workR=1.6, 5.0, and 9.1. For each value
of R, different samples with the paramet@rchanged from We have shown in previous work that the composition of
Q=0 to 4.5 were deposited. Those samples depositdl at SiN,H, films is affected by RTA®4! For near stoichiometric

= 1.6 have both Si—H and N—H bonds, while those depositedy=[ N]/[Si]=1.43) and Si-rich films y=[N]/[Si]=0.97),

at R=5.0 and 9.1 have N—H bonds only. Details of the in-which show both Si—-H and N—H bonds, the N/Si ratio de-
fluence of deposition paramete® and Q are given creases for annealing temperatures above 600°C, as N is
elsewherg!?728 released in the form of N On the other hand, the compo-

In this work, the samples will be referred to as the valuessition of N-rich films, with N—H bonds only, is unaffected by
of parameterk and Q used during depositioffor instance, RTA up to 1050 °C.
sample R1.6Q0.80 means that it was depositdRial.6 and In this work we have extended the composition measure-
Q=0.80). ments to SIQN,H, films of intermediate and near Sj@om-

After deposition, the wafers were cut in severalllcn?  positions. The parameter=2x/(2x+ 3y) was used to char-
samples in order to perform RTA treatment at different tem-acterize the composition of the films. This parameter
peratures. Nonannealed samples were kept as references. provides information about the relative amount of O and N

The RTA annealing processes were performed in ar, in other words, about how close to silicon nitride or sili-
Modular Process Technology furnace, model RTP-600¢on oxide the composition is, with=0 for SN, and a=1
equipped with a graphite susceptor. The samples were amer SiO,.? Figure 1 shows the value af for samples de-

A. AES
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FIG. 2. Si—H bond concentration as a function of the RTA temperature for
samples deposited R= 1.6 and different values @. The lines are a guide FIG. 3. N—H bond concentration as a function of the RTA temperature for
to the eye. samples deposited BRt=1.6 and different values @. The lines are a guide

to the eye.

posited at different gas flow ratios as a function of the RTAdetection limit for sample R1.6Q0.80, with=0.53, which is

temperature. No significant changes dnare observed for not shown.

SiONyH; films in this range of compositions. So, itis con-  The N—H bond concentration as a function of the RTA

cluded that the relative content of N and O is essentiallwemperature for the Samp|es deposnema{lG is shown in

unaffected fore values in the 0.3-1 range. Fig. 3. Sample R1.6Q0.8@=0.53 is also included. For the

We have not observed any significant effect of RTA onsiN,H, sample(R1.6Q0,a=0) there is a slight increase of

the Si content of the films either. N—H concentration for temperatures up to 500 °C. For higher
annealing temperatures the concentration decreases with re-
spect to the maximum value and becomes lower than in the

B. FTIR spectroscopy as-deposited film fof >700 °C. As in the case of the Si—H

FTIR spectroscopy provides very useful informationPond concentration, the behavior of sample R1.6Q021
about the structure of bonds in the films. Absorption bands=0.13 is very similar to that of SiH,, with the maximum
are observed for characteristic vibration frequencies of difconcentration of N—H bonds also observed Tor 500 °C.
ferent molecular groups present in the films. The Si—H, N—HFor the samples of intermediate compositi¢gsamples
and O—H stretching bands allow the detection of H bonded?1.6Q0.53 witha=0.34 and R1.6Q0.80 witk=0.53 there

in the films. is no significant increase of N—H concentration for low an-
In our SiQN,H, films, no O—H bonds were detected in nealing temperatures. _
any sample. Those samples depositedRatl.6 show both Figure 4 shows the concentration of N-H bonds as a

Si—H and N—H bonds, with a higher N—H bond concentra-function of the annealing temperature for samples deposited
tion, while those deposited R=5.0 and 9.1 show N—-H at R=5.0 and 9.1, in which no Si—H bonds were detected.
bonds only. The H concentration was estimated from thes€amples deposited at different values @f(and therefore
absorption bands using the calibration factors provided byvith different values of composition parameterare shown.
Lanford and Rand®

. Figure 2 shovv_s the Si—H bond concentration as qfunc— 8 R5.0G061 (a=0.36) —0— RO 27 (=0.70)

tion of the annealing temperatu(€) for samples deposited --B-- R9.100.69 (0:=0.42) —A—R9.1Q1.62 (0=0.86)

at R=1.6, with different compositions, including SjN, . 3’2_ ' ]
For the SiNH, sample(R1.6Q0,a=0), an increase of the b 7ok ]
Si—H bond concentration is observed for annealing tempera- € esf ]
tures up to 700 °C. For higher temperatures the concentration g g0} h
decreases, and far>800 °C it becomes lower than in the g 55 .
nonannealed sample, being almost negligible for the highest = 30} ' ]
temperature. The behavior of SIKH, with composition Z 25f .
closest to SilyH, (sample R1.6Q0.23y=0.13) is very simi- 16T +
lar, although for this sample the Si—H bond concentration in 12+ .
the as-deposited sampleonannealéedis lower and the in- f L . . . :
crease of Si—H concentration farup to 700 °C is less sig- of 20 400 60 80 1000
nificant. For sample R1.6Q0.5&=0.34) the Si—H concen- Nonannesled  RTA Temperature (°C)

tration Is e,ven, lower and no S|gn|f|cant Ir,lcrease of SI_HFIG. 4. N—H bond concentration as a function of the RTA temperature for
cqncentratlon IS Obser_VEd- As is further increased, the samples deposited B=5.0 and 9.1 and different values @Qf The lines are
Si—H bond concentration becomes lower, even below thea guide to the eye.
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TABLE I. Relative loss of H after RTA al =1000 °C. — 2240 T T T T T T
AH, AH pa 5 2301 ]
Sample a=2x/(2x+3y) (%) (%) v 2200 ) ]
R1.6Q0 0 60 80 3 1
R1.6Q.21 0.13 35 48 g 2210
R1.6Q0.53 0.34 48 52 o 2200f -
R1.6Q0.80 0.53 62 62 2 . R1600@=0)
S 2190F O R1.60021 (0= 0.13 7
R5.0Q0.61 0.36 7 17 T Y 160053 o000
R9.1Q0.69 0.42 20 29 & 2180 .
R9.1Q1.27 0.70 25 29 170 t , . )

ol 200 400 600 800 1000
Nonannealed  RTA Temperature (°C)

For intermediate composition(s.samples R5.0Q0.61 with FIG. _5. Wave number of the maximum of the Si—H stretching ban_d as a
. . function of the RTA temperature for samples deposite®atl.6 and dif-
@=0.36 and R9.1Q0.69 witlk=0.42, a clear increase of .\ ales of. The lines are a guide to the eye.
N—H bond concentration is observed for low annealing tem-
peratures T=400-500°C). For higher annealing tempera-
tures the N—H concentration decreases with respect to the
maximum value and below the concentration of the nonanat lower temperatures and is less significam v§y
nealed samples foF =700—800°C. On the other hand, for =28cm ). For sample R1.6Q0.53a=0.34 the Si—H
the samples with composition closer to $iCR9.1Q1.27 band continuously shifts towards lower wave numbers over
with «=0.70 and R9.1Q1.62 witlk=0.86), the N—H bond the whole temperature range, with a total shift &gy
concentration remains roughly constant for annealing tem=19 cm 1.
peratures up to 700°C and decreases Ter800°C and With respect to the wave number of the maximum of the
higher. N—H band, for SiQN,H, samples no significant change is
It must be noted that the relative decrease of the N-tbbserved in the temperature range studiedl (
concentration of the samples with no Si—H bondsries =400-1000°C).
R5.0 and R9.1, Fig.)}is much lower than in those with both In addition to the bands related to H bonds, in JNCH,
Si—H and N—H bondsseries R1.6, Fig. )3 The total(Si—-H  samples the FTIR spectrum shows very intense bands that
+N=H) relative H loss for the different samples is summa-correspond to Si—N and Si—O stretching oscillations. For
rized in Table I. Two values are giverkH, which is the homogeneous film&nes with no phase separatiansingle
relative H loss after the annealing &t=1000°C with re- Si—O/Si—N band is observed. This band appears at interme-
spect to the nonannealed sample, add,,,,, which is the diate wave numbers between the characteristic values of sili-
relative loss with respect to the maximum H concentration.con nitride and silicon oxide(860 and 1070 cnt,
Another important parameter for Si—H and N—H stretch-respectively,>>** depending on the compositidf-61%11
ing bands is the wave number of the maximum of the bandHowever, for a given composition, the exact wave number of
It is known that, as the combined electronegativity of the firstthe band may be affected by other factors, such as mechani-
neighbors of the Si atom in the Si—H bond increases, theal stress?
wave number of the band shifts towards higher wave num-  The samples studied in this work are essentially single
bers; fromvgy=2000cm * for the (Si)—Si—H configura- phase, and show a single Si—0/Si—-N bahdlo significant
tion (lowest electronegativity®*!  to vy changes in the wave number of the maximum of this band
=2245-2265 cm? for (O3)—-Si-H (highest  are observed after RTA for compositions in the range of
electronegativity>>3! A shift of the N—H band towards a=0-0.6. This behavior is shown in Fig. 6. On the other
higher wave numbers as the composition changes from sillhand, for compositions closer to that of silicon oxite
con nitride to silicon oxide in SigN,H, films has also been >0.6) a shift of the band towards higher wave numbers is
reported"!! So, the study of these bands provides qualitativeobserved for annealing temperatures above 600 °C, as shown
information concerning bonding rearrangement within thein Fig. 7.
lattice. The full width at half maximumFWHM) of the Si—O/
Figure 5 shows the wave number of the maximum of theSi—N band is also a very useful parameter since it is related
Si—H stretching bandi(;y) as a function of the annealing to structural order of the film, with a higher FWHM for
temperature for samples depositedRat 1.6 and different  higher dispersion of different chemical environmefasd
values ofQ. For the silicon nitride sampléR1.6Q0,«=0)  therefore higher disordgt**® The behavior of the FWHM
the value of the nonannealed samplg;(=2226cm 1) re-  of the Si—O/Si—N band as a function of the RTA temperature
mains unaffected for temperatures up to 500 °C. For highefor samples of different composition is shown in Fig. 8
annealing temperatures the band shifts towards lower wavsamples of series R).@nd Fig. 9(samples of series R5.0
numbers, especially fof>700°C, with a total shift of and R9.}.
Avgy=46cm ! for T=1000°C. The behavior of sample For the samples deposited BR&=1.6, with both Si—H
R1.6Q0(«@=0.13, with composition close to that of nitride, and N—H bondgFig. 8), the FWHM increases for annealing
is similar, but the shift towards lower wave numbers begingemperatures above 600 °C, suggesting degradation of the
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function of the RTA temperature for samples with composition indke)— temperature for samples depositedRat 1.6 and different values d@. The
0.60 range. lines are a guide to the eye.

structural order. On the other hand, for the samples depositaabserved in the 600—700 °C temperature range. For higher
at R=5.0 and 9.1, with N—H bonds onlyFig. 9), the temperatures the area of the band decreases, especially for
FWHM decreases for annealing temperatures above 700 °Gamples with composition closer to that of $iy. On the
So, for these samples the RTA improves the structural ordeother hand, for the samples depositedRat5.0 and 9.1 no
Note the different behavior of samples with similar values ofsignificant changes in band area are observed for any com-
a (samples R1.6Q0.53 witlw=0.34 and R5.0Q0.61 with position, suggesting that RTA of these samples does not re-
a=0.36), depending on the value & i.e., it depends on the sult in the formation or breaking of Si—N and Si—O bonds.
presence of both Si—H and N-H bond®=1.6) or N—H  Note that behavior in the area of the Si—0O/Si—N band shown
bonds only R=5.0). in Figs. 10 and 11 is not correlated with the behavior of the

Finally, the influence of RTA on the absorption area of FWHM (Figs. 8 and 9 So, the changes in the band area
the Si—O/Si—N band was also investigated. While calculacannot be explained just by a change in shape due to the
tion of the Si—N and Si—O bond concentrations in this area isncrease or decrease of the FWHM of the band, and the
not as straightforward as in the case of Si—-H and N—Hormation or breaking of Si—O and/or Si—N bonds is very
bands, for a given composition it provides qualitative infor-likely involved.
mation about possible formation or breaking of these bonds
during the RTA proces¥ 2!

The normalized area of the Si—O/Si—N stretching banac' EPR
(area/thicknegsas a function of the RTA temperature is The most important paramagnetic defects detected in our
shown in Figs. 10 and 11 for samples of different composi-samples are the well-known Si dangling bonds; basically the
tion. As in the case of the FWHM, the behavior of the K center (N=Si7) and theE’ center (Q=Si(), with
samples deposited &=1.6 (Fig. 10, with both Si—-H and some variants, such as S#tSi|, SLN=Si, SL=Si|
N—H bonds, is different than the behavior of samples depostthis last is also known as thB centey,® SiO,=Si| or
ited atR=>5.0 and 9.1(Fig. 11), with N—H bonds only. For O,H=Si{. A detailed study of the EPR spectrum of our
the samples deposited Bt=1.6, an increase of the area is SiIQ;N,H, films was presented in a previous pafier.
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FIG. 12. Overall density of paramagnetic defedtg,] as a function of the
FIG. 10. Normalized aredarea/thicknedsof the Si—O/Si—N band as a RTA temperature for samples of different compositions. The lines are a

function of the RTA temperature for samples deposite®atl.6 and dif- guide to the eye.
ferent values of). The lines are a guide to the eye.

strongly affected, as shown in Fig. 13. The spectrum of the
Figure 12 shows the overall density of paramagnetic denonannealed Sample is discussed in detail elseV\?ﬁé'ﬁeree

fectsNp (K center-E’ centerrtheir varianty as a function different signals are detected: an intense feature located at

of the RTA temperature for representative samples deposite@= 2-0008, attributed to 353’6'"|<9 center typical of silicon

at different values oR and Q. For the samples deposited at Suboxide films (SIG=Sif);™a 73 (3390Ub|9t, attributed to

R=1.6 (shown in the upper part of the graph minimum of @ variant of the’ center (QH=SIiT);>" and a 22 G doublet

N, is observed foff =500—600°C, and for higher anneal- Which was tentatively attributed to theé3 center’® As the

ing temperatured, increases but remains below the value@nnealing temperature increases these signals strongly de-

for the nonannealed sample. For S$idilms (sample crease, and a signal located arogl2.005 becomes appar-

R9.1Q4.5=1), the density of defects remains low over the €nt. This value is close to the characteristic value of Bhe

whole annealing temperature range, with a minimum valugenter (SI=sSif, g=2.0055)7 and therefore we attribute

for T=300—400°C. For sample R5.0Q1.43, with composi-this signal to this defect.

tion close to that of silicon oxidex=0.82), N decreases up

to annealing temperatures of 700 °C and then increases, in@ Ellipsometry

way similar to the samples depositedRat 1.6. Finally, the i .

behavior of sample R5.0Q0.6&=0.36) is similar to that of By ellipsometry measurement the refractive index and

sample R5.0Q1.43, but faF>700°C the density of defects thickness of the films can be calculated. The results for some

remains roughly constant at the minimum value rather thaffharacteristic samples are shown in Fig. 14. Some authors

increasing. have 13reported 3gnodlflcatlons in the40refract|ve index of
For most samples the defects detected are the same 0\/%‘02’ SiNH,,™ and S'QNYHZ_ films. These mOd.'f'Ca'

the whole RTA temperature range. However, for SicH, t|(_)ns are correlated_ to changes in th_e density of the films. For

films with composition very close to that of SiQsample SiNyH, films deposited aR= 1.6, a slight decrease of refrac-

R5.0Q1.43,0=0.82 the shape of the EPR spectrum is tive index was observedlgby our group for high annealing
temperaturesT>900 °C) *° This decrease was related to N

release.
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FIG. 11. Normalized aredarea/thicknegsof the Si—O/Si—N band as a
function of the RTA temperature for samples depositeiRat5.0 and 9.1  FIG. 13. EPR spectra of sample R5.0Q143=0.82 for different RTA
and different values of. temperatures.
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© R1.6Q053(@=0.34) & R1.6Q0.80 («=0.53) The dgi_g; distance depends on the mechanical stress of
o~ @ R9.1Q0.69(0=0.42) ¥ R9.1Q1.27 (a=0.70) 4 R9.1Q1.62 (x=0.86) . .
E L T T T o the films, so when the stress decreasks,s; increases and
= . - . . . T .
© 470l . R so too do angley and the wave number of the Si—O band
S e ° P z vsio. 2 Therefore, the observed increase of the Si—O stretch-
no 166f e ° ° £ ing band wave number shown in Fig. 7 for sample
;:, :-g;: N aosssl A s e o o B R9.1Q4.50(a=1.00 is due to thermal relaxation of the lat-
8 el st Lt 2 tice accompanied by a decrease of mechanical stress.
g 158l " A o ! This thermal relaxation is also evidenced by the decrease
g 15 R I S = of the FWHM of the band in the same RTA temperature
8 1541 saaas s Y % range (Fig. 9), which is understood as improvement of the
1521 a 1 . . .
i S LS F i —— structural order of the films. As shown in Figs. 7 and 9, the
0 200 400 600 8001000 0 200 400 600 8001000

behavior of SIQN,H, samples with composition close to
that of SiQ, (a>0.9) is essentially the same as that described
FIG. 14. Refractive index fok=632.8 nm(left) and thicknessright), de- ~ for SiO,. Because the H content in these films is very low,
termined by ellipsometry, as a function of the RTA temperature for samplesho significant effect associated to H release during RTA is
of different compositions. observed. So, it is concluded that the main effect of RTA on
the structural properties of Si,H, films with composition

As shown in Fig. 14, no significant changes in the re-close to that of Si@is thermal relaxation of the lattice.
fractive index or in the thickness of the films are observed With respect to the density of paramagnetic defelig)(

: : for SiO, films (sample R9.1Q4.50, witk=1.00 in Fig. 12,
for most SiQNyH, and SiQ. Only for sample R1.6Q0.53 . ,
(a=0.349) is there a trend for the refractive index to decrease.the only defect detected is tie’ center. Over the whole

However, this decrease is of the same order as dispersion 8P”‘?"%"”9 terr;_;l)_e_rgtct;c;e Lig%creﬁhams ata low valuel;wnh
the measurements so no definitive conclusions can b MNiMuMm at?=oub=— - ThIS minimum may be re-

reached. ated to the passivation of defects by nonbonded H present in

RTA Temperature (°C)

the films?3
The behavior of Si(N,H, samples with composition
IV. DISCUSSION close to that of SiQ (sample R5.0Q1.43, witk=0.82 in
A. SiO,N,H, films with composition close to that of Figs. 12 and 1Bis more complex. For the nonannealed
Sio, sample, the EPR signal is mainly due to Bhlike defect

We will start by discussing the behavior of samples with (SIG:=Si1), with g=2.0008, as explained in Sec. Ill. The

. L . intensity of this signal decreases as the RTA temperature is
composition close to that of SiQ i.e., samples with values . > o - o
eT T increased up toT=1000°C. However, forT=700°C a
of a close to 1. The composition limit for what can be un-

derstood as “close to SiQis not evident. As shown in Sec. \(/)vl:a;k j:ggjlsslggigend baer%l;gi: i‘igggétgi dDitngtt:irr,ngge\r:ore
lll, H release is one important effect of the RTA process. y 9

(Figs. 2—4 and the H content in our nonannealed SiH, intense 'for higher annealing tempergtures, and is resp9n5|ble
. oL . . for the increase of the overall density of paramagnetic de-
films significantly decreases as composition parameter- - - .

. . . . fects shown in Fig. 12. Very similar behavior was observed
creaseqFigs. 2—4. So, it seems convenient to consider as . . . . 2a

; o ) . . by our group for silicon suboxide films, Si, (x~1.9).
close to SiQ composition those films in which the H con- : : . )

o - . For these Si(H, films the density ofE’ centers also de-

centration is very low or even below the limit of detection.

Therefore we will include in this group those films with creases over the whole RTA temperature range U to

a>0.8. In these samples the H concentration is in the low_ 1000°C, while the ?ensﬂy_d]) centers Increases for tem-
1% cm 2 range or lower(see sample R9.1Q1.62 with peratures above 700 °C. This result was attributed to a net-

«=0.86 in Fig. 4 work reaction in which high quality Si©formed together
F.or SiO, fiI.ms. with negligible H content, thermal relax- with highly defective Si clusters. It is tentatively suggested

. . ; that a process similar to that observed for silicon suboxide
ation of the lattice was reported by our gratiprhis thermal may also take place in SiSl,H, films with composition

relaxation was ewden_ced mamly_ by 'FWO _results_. First, theclose to that of silicon oxide(sample R5.0Q1.43, with
wave number of the Si—O stretching vibration shifts towards ~0.82
higher values for annealing temperatures above 600 °C. Thig™ ~°"
is reproduced in Fig. {sample R9.1Q4.50¢=1.00. Ac-

cording to the center force model, the wave number of theB_ Si0,N,H, films deposited at R=5.0 and 9.1 (with

Si—0 band ¢s0) is given by N—H bonds only )

Vsio= Vo Sind, (1) As previously shown, H is present in our SMQH,

whereg is half the Si-O—-Sibond angle and is an empiri-  films in the form of Si—H and N—H bonds. Additionally, in
cal constanty,=1134cm *. The bond angle is directly re- previous work the incorporation of H into our SiQH,
lated to the distance between the Si atafgsg;:*® films was studied in detail using heavy ion-elastic recoil de-
B . tection analysisHI-ERDA) and FTIR measurement$.in
dsi-si=2rosino, @ this work it was concluded that H in a nonbonded state was
wherer is the Si—O bond length. present in the films, and was also present in higher concen-
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trations for compositions close to that of SHY. We will 2K(T)—K*( )+K(1])—U. 4
now consider those films deposited R=5.0 and 9.1, in
which a significant concentration of N—H bonds is detected
but the Si—H bond concentration is negligible.

For samples R5.0Q0.61a¢=0.36 and R9.1Q0.69«
=0.42, an increase of the N—H concentration is observe
for T=400-500 °Qsee Fig. 4 This increase is attributed to
the formation of new bonds at the expense of nonbonded €. SiO,N,H, films deposited at R=1.6 (with both
present in the films. This mechanism is not clearly observe®i—H and N—H bonds )

in films with compositions closer to that of Si@samples We now will discuss RTA effects on Sj®,H, films
R9.1Q1.27, witha=0.70 and R9.1Q1.62, withw=0.86,  geposited atR=1.6, which contain both Si-H and N—H
which is due to the lower concentration of nonbonded H as,pns.

the composition nears that of SiG* For higher annealing For SiN,H, films deposited aR=1.6 the concentration
temperatures [=600-700 °C) the N—H concentration de- of poth Si—H and N—H bonds increases for low annealing
creases with respect to the maximum value, suggesting th?émperature$sample R1.6Q0, witx=0, in Figs. 2 and B
nonbonded H may be released and that the formation ofpe same behavior is observed for SQIOH, films with
N—H bonds is significantly reduced. _Finally, for annea”ngcomposition close to that of SjM, (sample R1.6Q0.21,
temperatures about df=800 °C and higher, the N—H con- ith 4=0.13. As previously explained, this increase of the
centration decreases below the value of that of the nonarkonded H content is attributed to the formation of new Si—H
nealed sample. We propose that the mechanism for the rgqg N—H bonds at the expense of the nonbonded H in the
lease of bonded H in these films is the direct breaking ofjims. However, while the maximum N—H concentration is

N—H bonds: achieved for annealing temperatures in the 400-500°C
range, the Si—H concentration increasesTarp to 700 °C,
2(Si=N-H—2(Si—N-) +H,T. (3 suggesting a different or an additional mechanism for the
formation of Si—H bonds.
Reaction(3) is consistent with the behavior of the area For SiNH, films we explained this behavior by the well-
of the Si—N/Si—0 stretching band in these samgg. 11), known interchange network reactiéh,
with no significant change over the whole annealing tem- D . .
perature range, since it does not imply the formation or Si=Si N-H—Si-H+SI-N, ®)
breaking of Si—N or Si—O bonds. in which Si—H and Si—N bonds form at the expense of Si—Si
The FWHM of the Si—O/Si—N stretching band also de-and N—H bonds. The fact that reacti@d) takes place is
creases for annealing temperatures above 600 °C, like in theupported by the increase of the area of the Si—N absorption
case of SIQNyH, films with composition close to that of band for annealing temperatures up to 700F@. 10.
SiO, (sample R5.0Q0.61, witk=0.36, in Fig. 9. In previ- Because the behavior of SiRH, films with composi-
ous work we also observed a decrease of the FWHM of théion close to that of silicon nitridésample R1.6Q0.21, with
Si—N stretching band of Si, films deposited aR=7.5 «=0.13 is essentially the same as that of Fl films, we
(with N—H bonds only for annealing temperatures up to propose that reactiof#) also takes place for Si®,H, films
900°C, and an increase with respect to the minimum foiof near-nitride composition.
higher annealing temperatures, coincident with the release of Note that reaction(5) requires the presence of both
H.2223 As previously explained, the decrease of the FWHMSi—Si and N—H bonds. In our samples the Si content is con-
is associated with improvement of the structural order as #olled by parameteR, so Si-rich films are obtained for low
result of thermal relaxation of the lattice induced by RTA. values ofR?1?® Excess Si is evidenced by the presence of
However, the release of H results in degradation of the strucSi—H bonds. In this work, reactiofb) is expected to take
tural order and a subsequent increase of the FWHM. In thelace only in those samples that show both Si—H and N—H
SiONyH, films deposited aR=5.0 and 9.1 the loss of H bonds(samples deposited &=1.6). Note that in the films
after RTA atT=1000°C is relatively low, less than 30% deposited aR=5.0 and 9.1, with N—H bonds only, reaction
with respect to the maximum valusee Table)l Therefore (5) does not take place and, therefore, no increase of the
degradation of the structural order associated with H releas8i—O/Si—N stretching band area associated with the forma-
is not critical and the thermal relaxation process prevails ugion of Si—N bonds is observe@Fig. 11).
to T=1000°C, so the FWHM decreases as shown in Fig. 9.  Additionally, for nonannealed samples, as the composi-
The behavior of the density of paramagnetic defectdion changes from silicon nitride to silicon oxide, the con-
(Np) for sample R5.0Q0.61, withr=0.36, is shown in Fig. centration of N—H bonds decreases, due to a decrease of the
12 as an example of the behavior of SMYH, films with N content, and the Si—H concentration due to the substitution
N—H bonds only. The decrease Nf, for RTA temperatures of Si—H bonds by Si—O bonds also decrea$dhe decrease
up to 600 °C is attributed to two possible mechanisms: Firstpf the Si—H concentration is an indication that the Si—Si
the passivation of defects at the expense of the nonbonded Hpnd concentration also decreases. So, for the samples de-
and, second, charge transfer between the neutral paramggpsited alR= 1.6, as parametd) is increasedand therefore
netic states of theK center and the charged diamagneticcomposition parametet), reaction(5) is less likely to occur.
ones: This is evidenced by a lower increase of the Si—H bond

This charge transfer is very likely, since the correlation
energy U is negative(negatively charged states are more
stabl@.*? In previous work we discussed in detail this mecha-
Jism in SINH, films.*®
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concentration, which is almost negligible for sample This reaction becomes more significant with respect to H
R1.6Q0.53, witha=0.34, (Fig. 2), and also by a lower in- release in those samples with low Si—H concentrations, in
crease of the Si—O/Si—N band ar@dg. 10. which reaction(7) is less likely.

For the samples deposited Bt=1.6, with both Si-H Note that reactioné3), (5) and(7), which we propose as
and N-H bonds, the release of H at high annealing temperay, explanation of H release during RTA in our SIQH,

tures is also observed. As shown in Table I, this H release iﬁlms do not involve O atoms directijalthough O atoms
more significant than in samples containing N—H bonds only, '

The same trend was reported by Denissal*® In fact, for may be bonded to the Si atoms in these reac)ionbis is

SIN,H, films, we calculated the activation energids,) for due to two facts. First, no O—H'bonds'were dgtecteq in our
the process of H release, and fouge=1.22 eV for samples samples, so they were not considered in the discussion. Sec-
deposited aR=1.6 (with both Si—H and N-H bongsand ~ ©nd, the presence of H in our samples is correlated to the
E,=2.00eV for samples deposited Rt=7.5 (with N—H  concentration of N. While the N—H bond concentration is
bonds only.?* This behavior is due to cooperative reactionsproportional to the N conterit, the same direct relationship
between Si—H and N—H bonds that take place in the neteannot be applied to Si—H bonds and Si. Although the pres-
work. Lu et al. proposed the following reaction for SjN,  ence of Si—H bonds is related to the presence of excess Si,

films:*? for a given value ofR the Si—H concentration decreases as
_ _ the composition nears that of silicon oxide. In fact, for sili-
Si—H+N—-H—SI-N+H,T. (6)  con nitride samples depositedRt 1.6 Si—H bonds are de-

o ) ) tected, but for silicon oxide deposited at the saRwe1.6
This is the same reaction suggested by Dengssd. for -\ gye, the Si—H bond concentration is below the limit of

. . 43 . . .
SION,H, films.™ It must be noted that reactid) implies  yetoction, as shown in previous wdtkThis is due to the

the formation of Si—N bonds, and is accompanied by en; : . 1 :
hancement of the Si—N absorption bads shown in Fig. fact that Q is more reactive than N! So, the reactions that

10, in our samples containing both Si—H and N—-H bondgnVOIV? H imply Si and N, but not O atoms in a direct way.
(R=1.6), for high RTA temperatures at which the H content  With respect to the structural order of the samples, the
decreases, the Si—O/Si—N band has a tendency to decreaS¥/HM of the Si-O/Si—N stretching band increases for an-
in contrast to the increase predicted by reactién So, itis  nealing temperatures above 600 °C in the samples deposited
concluded that this reaction does not take place in ouat R=1.6, with both Si-H and N—H bondgee Fig. 8,
samples. especially for the SihH, (sample R1.6Q0, witlw=0) and

Moreover, we observed a decrease of N content irSiQ,N,H, films of near-nitride composition(sample
SiNyH, films, which suggests a reaction in which N is re- R1.6Q0.21, withe=0.13). This behavior is opposite that de-
leased together with H. The following reaction was proposedcribed in Sec. IV B for the films deposited Bt=5.0 and
by our group for SilyH, films: 9.1, with N—H bonds only. While the thermal relaxation pro-
cess also takes place in the films depositeR-atl.6, the H
release process is more significant due to the cooperative
reaction between Si—H and N—-H bonfl®action(7)], as
shown in Table I. So, in these samples degradation of the

The behavior of the wave number of the maximum 01tstructural order associated with H releasg prevails ove_r the
the Si—H bandFig. 5) further supports this reaction. If the Si thermal relaxation process. The N loss which accompanies H
atom bonded to the N—H group is also part of a Si—H bond'eléase in SijH, films (sample R1.6QDand in near com-
reaction(7) results in the replacement of a N atom in the Positions(sample R1.6Q0.21enhances the degradation of
chemical environment of the Si—H bond by a Si atomith  structural order.
lower electronegativity with a subsequent decrease of the Finally, we will discuss the influence of RTA on the den-
frequency of Si—H oscillatioA™=° sity of paramagnetic defectdNg) of the samples deposited

For SiQN,H, films reaction(7) may also take place atR=1.6(Fig. 12, upper part of the graphThe decrease of
during RTA, especially for Compositions close to that of sili- ND observed for annea“ng temperatures up to 500-600°C is
con nitride. However, as composition parametencreases, explained by the same mechanisms described in Sec. IV B:
the lower Si—H bond concentration makes it less likely. Inhe passivation of bonds by the nonbonded H present in the
fact, for_ sample R.;'GQO‘EB’ witlv=0.34, no 5|gn|f|cant films, and the transition from the paramagnetic state to the
change in composition was observéeg. 1). At this com- . . L

L iamagnetic state of th& center. However, unlike in the
position the N loss may be too small to be resolved by AESd . .

_Ggse of sample R5.0Q0.61, for higher annealing tempera-

measurements. Note also that the decrease of the Si—O/Si ) . _
band area in this sample for high annealing temperature res, the density of paramagnetic defects of the films depos-

(Fig. 10 and the shift towards lower wave numbers of theited atR=1.6 (with Si-H and N-H bondsincreases with
Si—H stretching bandFig. 5 are much lower than in respect to the minimum. This increase is attributed to the H

samples R1.6Q0, with=0, and R1.6Q0.21, witlx=0.13. release that takes place in these samples, which is more sig-
In the films deposited aR=1.6, with Si—H and N—H nificant than in samples deposited R¢&5.0 and 9.1(with
bonds, breaking of N—H bondieeaction(3)] is also possible. N—H bonds only.

Si—H+H—-N-Si— Si—Si—H+ NH, 1. (7

The ammonia fragment, NH is able to later capture an
additional H atom and form an ammonia molecule.
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