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Fluorinated silicon-nitride films have been prepared at low temperatures250 °Cd by remote plasma
enhanced chemical vapor deposition using mixtures of SiF4, N2, Ar, and various H2 flow rates. The
deposited films were characterized by means of single wavelength ellipsometry, infrared
transmission, resonant nuclear reactions, Rutherford backscattering analysis, and current-voltage
measurements. It was found that films deposited without hydrogen grow with the highest deposition
rate, however, they result with the highest fluorine contents,27 at. %d and excess of silicon
sSi/N ratio<1.75d. These films also have the lowest refractive index and the highest etch rate, and
exhibit very poor dielectric properties. As a consequence of the high fluorine content, these films
hydrolize rapidly upon exposure to the ambient moisture, forming Si–H and N–H bonds, however,
they do not oxidize completely. The addition of hydrogen to the deposition process reduces the
deposition rate but improves systematically the stability and insulating properties of the films by
reducing the amount of both silicon and fluorine incorporated during growth. All the fluorinated
silicon-nitride films deposited at hydrogen flow rates higher than 3.5 sccm resulted free of Si–H
bonds. In spite of the fact that films obtained at the highest hydrogen flow rate used in this work are
still silicon rich sSi/N ratio<1.0d and contain a considerable amount of fluorines,16 at. %d, they
are chemically stable and show acceptable dielectric properties.© 2005 American Vacuum
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I. INTRODUCTION

Amorphous silicon-nitride thin films have a large sp
trum of applications in the fabrication of microelectronic a
optoelectronic devices, such as gate dielectric layers in
and thin-film transistors, diffusion barriers in multilayer
vices, final passivation films in semiconductor devices,
tective and antireflecting coatings in solar cells, etc. The
creasing technological advancements and the scaling
of the sizes of modern microelectronic devices have imp
the necessity of lowering the deposition temperature
these films.1,2 For applications in hydrogenated amorph
silicon sa-Si:Hd devices, this requirement is also fundame
to avoid the effusion of hydrogen from the a-Si:H film
which degrades their electrical properties.3–5 Silicon nitride
films deposited by conventional direct plasma-enha
chemical-vapor depositionsPECVDd using SiH4 as the sili-
con precursor gas and NH3 or N2 as nitrogen source g
meet quite well the requirement of low-temperat
processing.6–12 However, the dielectric integrity and stabil
of these films is usually affected by the incorporation

Si–H bonds.
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Some approaches proposed to reduce the Si–H co
in plasma deposited silicon nitride films make use
SiH4 and modified plasma techniques such as rem
PECVD sRPECVDd,1,3,13–15 electron cyclotron resonan
PECVD sECR-PECVDd,16–18 inductively coupled plasm
CVD sICP-CVDd.19 Other strategies, proposed since m
than one and a half decades ago, have been bas
the use of conventional or modified PECVD proce
in combination with alternative silicon sSiF4,SiF2,
Si2F6,SiH2F2,SiH2Cl2d20–27 or nitrogen sourcessNF3d.28–33

These approaches give rise to fluorinated or chlorinated
con nitrides, in which the concentration of Si–H bonds
be drastically reduced, or even eliminated by increasing
amount of the halogenated source introduced in the pr
mixture. Due to the higher bond energy of the S
s131.9 kcal/mold and Si–Cl s109 kcal/mold bonds, com
pared with that of the Si–Hs71.5 kcal/mold bonds,34 halo-
genated silicon nitride films have in general better ther
chemical, and electrical stability than hydrogenated sil
nitride films. However, it has been generally found that fi
with a large halogen content have a very open struc

hydrolyze and oxidize rapidly, and can even be converted

248/23 „2…/248/8/$19.00 ©2005 American Vacuum Society
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into silicon dioxide.20,24,28,30,32Therefore one problem to a
dress with the use of halogenated sources for PECVD d
sition of silicon nitride films is to achieve good cont
and/or to minimize the incorporation of halogen atoms.

Some of the most recent reports have shown that
quality fluorinated silicon nitride films can be obtained
low temperatures by REPCVD using mixtures of SiF4 and
NH3.

27 Under this approach, the control of the fluorine c
centration in the films is achieved by changing the NH3/SiF4

ratio, because the hydrogen coming from NH3 acts as a ge
tering agent to extract fluorine from the film forming re
tions. In spite of this achievement, one apparent limitatio
this approach is that fluorine concentration can not be v
independently of the ratio of N to Si atoms incorporate
the film. Due to this we were motivated to investigate
deposition and resulting properties of fluorinated silicon
tride films prepared by high density–inductively coup
RPECVD from Ar/SiF4/N2/H2 mixtures, with particula
emphasis on the study of the role of the hydrogen flow
on the deposition rate, fluorine content, and properties o
films. In principle the use of this mixture has the advan
of having separated the hydrogen source from the nitr
source, which should allow the control of fluorine incor
ration independently of the N/Si ratio incorporated in
film. Another potential advantage previewed for the us
this mixture is the possibility to reduce the incorporation
N–H bonds.

II. EXPERIMENT

The films were deposited in a custom designed RPEC
system manufactured by MVSystemsColoradod, whose char
acteristics have been reported elsewhere.27 Ar and N2 were
fed into the chamber from the top of the quartz tubesplasma
regiond, meanwhile SiF4 and H2 were fed downstream to th
plasma by means of the dispersal rings located a few c
meters over the substrate holder. All the films were depo
at a constant substrate temperature of 250 °C, and t
power was fixed at 550 W giving a power density
7 W cm−2. The flow rates of Ar, SiF4, and N2 were kep
constant at values of 38, 3.5, and 7.0 sccm, respectively
main variable in this study was the hydrogen flow r
which took values from zeros0d, to 21 sccm. The workin
pressure was fixed at 10 mTorr by adjusting the pum
speed of the turbomolecular pump.

In order to make the structural characterization, films
proximately 100 and 500 nm thick were grown ons100d
n-type silicon crystalline substrates with a resistivity
200 V cm. Prior to deposition, the substrates were clea
by immersion in “p-etch solution” s300:15:10 parts o
H2O:HNO3:HFd for 5 min.

The thickness and refractive index of the films were
termined by ellipsometric measurements, carried out w
null single wavelength Gaertner L117 ellipsometer
632.8 nm. Infrared transmission spectra were obtaineex
situ by means of a Fourier transform infraredsFTIRd Nicolet

210 spectrophotometer, operated in the range o
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400–4000 cm−1, with 8 cm−1 in resolution in order to avo
interference effects.

The total amount of fluorine atoms in the films was m
sured with the resonant nuclear reactionsRNRd technique35

using the Instituto de Física 700 kV Van de Graaff acce
tor. Following this procedure the amount of F atoms is
termined by the number of gamma rays produced from
19Fsp,agd16O nuclear reaction, taking advantage of its sh
resonance at a proton bombarding energy of 340 keV. In
experiments, a 5.1-cm-diam by 5.1-cm-thick NaIsTid scintil-
lation detectorsplaced as close as possible to the samd
was used to detect theg rays emitted in the forward directio
s0° laboratory angled. The excitation curves of th
19Fsp,agd16O nuclear reactions were obtained automatic
using a computer program36 and each measured point cor
sponded to a dose of 5mC. Quantification of the atom
fraction of fluorine in the Si3N4 films was made by compa
son of the gamma yieldYF from our samples with that of
reference standardYS having a known atomic fractionf of
fluorine.35,37 In the present case, a thick LiF crystal was u
as a reference standard. Rutherford backscattering spec
etry sRBSd was used to determine the elemental compos
of the films. These experiments were performed using
3 MV tandem acceleratorsNEC 9SDH-2 Pelletrond of the
Instituto de Física. In particular, with a4He beam we too
advantage of the elastic16Osa ,ad16O scattering resonance
3.045 MeV for the oxygen measurements. At this reso
energy, the cross section for oxygen is 25 times larger
its corresponding Rutherford cross section, allowing
sensitivity for oxygen content determination.38 The film
composition was then determined by fitting the experime
RBS spectra using theRUMP simulation program.39

The electrical properties of some fluorinated silicon
tride films sSiNx:Fd were assayed from current-voltage m
surements carried out on aluminum/SiNx:F/silicon struc
tures. The metal insulator siliconsMISd structures wer
constructed by evaporating aluminum discs with an are
0.013 cm2 on SiNx:F films onn-type s100d, 0.1–2.0V cm,
single crystalline silicon substrates, previously cleaned
the RCA process. TheI-V measurements were obtained
ing a Keithley 230 voltage source and a Keithley 485
coameter, both programmable, applying a ramp voltag
0.5 V s−1.

III. RESULTS

Figure 1 shows the variation in film growth rate and
fractive index as a function of the hydrogen flow rate u
during the deposition process. As can be seen from thi
ure, the highest growth rates14 nm/mind is obtained fo
films deposited without hydrogen, and this rate decre
with the addition of hydrogen. Figure 1 also shows tha
the films have refractive index values lower than the v
corresponding to the stoichiometric materials2.0d, which is
characteristic of fluorinated silicon nitride films. The low
refractive index values1.6d corresponds to the film deposit
without hydrogen, and it increases asymptotically tow

f1.72 as the hydrogen flow rate increases from 0 to 21 sccm.
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The behavior of the etch rate of the films in the 5%
buffer solution as a function of hydrogen dilution is shown
Fig. 2. Films prepared without hydrogen have the hig
etch rates9.2 nm/sd and as hydrogen is added to the re
tions the etch rate decreases, reaching a minimum val
2 nm/s. Typical FTIR transmission spectra of films dep
ited under the different H2 flow rates are shown in Fig. 3.
all the spectra clearly appears a broad and intense abso
band centered around 900–945 cm−1, as well as a small pea
around 475–495 cm−1, which can be associated to t
asymmetric stretching of Si–N bonds and Si breat
vibrations in the fluorinated silicon nitride film
respectively.20–24,27,28,40The absorption due to Si–F bon
s810–1050 cm−1d and N–F bondss1032 cm−1d, if they exist,
are veiled by the wide Si–N absorption band.22,27,28,41,4

There are also absorption peaks, at 3378 and 1200 cm−1 re-
lated to stretching and bending vibrations of N–H bon
respectively.20–24,27,28Additionally, a small absorption ban
located at 2219 cm−1, related to Si–H bonds,23,29,31,43–46is
observed in the spectra of the films deposited without hy
gen and with a low hydrogen flow rates3.5 sccmd, although
in the latter case the intensity is low. There was no abs

FIG. 1. Growth rate and refractive index vs hydrogen flow rate for flu
nated silicon-nitride films deposited by RPECVD using SiF4/N2/H2/Ar
mixtures.

FIG. 2. Etch rate of fluorinated silicon-nitride films as a function of hyd

gen flow rate.
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tion band related to Si–H bonds for films deposited at hy
gen flow rates larger than 3.5 sccm. It is worth mentio
that the infrared spectra shown in Fig. 3 were obtaineex
situ just after taking out each sample from the depos
chamber. This was done in order to minimize the expo
time of the samples to ambient moisture. The stability o
samples under exposure to the ambient air and moisture
systematically studied by taking infrared spectra and me
ing their refractive index after different intervals of time.
changes were detected in the infrared characteristics a
fractive index of any of the samples, even after a perio
3 months. In order to make a further test of the chem
stability of the films they were immersed in de-ionized w
for 168 h. After this accelerated oxidation test, no cha
were found in the FTIR spectra and refractive index.
comparative analysis among IR spectra shows that th
sorption peak related to Si–N bonds gradually shifts tow
lower wave numbers as the amount of hydrogen incre
The plot of the peak position of this fundamental absorp
band as a function of H2 flow rate is depicted in Fig. 4. A
can be seen in this plot, the wave number of this peak
creases from approximately 945 to 900 cm−1 as the hydro
gen flow rate increases from 0 to 21 sccm.

FIG. 3. FTIR spectra of fluorinated silicon-nitride films with hydrogen fl
rate as a parameter:sad 0 sccm,sbd 3.5 sccm,scd 7 sccm,sdd 14 sccm,sed
21 sccm.

FIG. 4. Fundamental Si–N stretchingsFTIRd peak position for the films as

function of hydrogen flow rate.
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The concentrations of Si–H and N–H bonds incorpor
in the films were calculated using the formula43,47

fHgi =
2.303

d
Ki E Aisvddv, s1d

wherefHgi is the concentration of hydrogen bonded to
con or nitrogen, the subindexi is used to distinguish betwe
Si–H and N–H bonds,Aisvd is the absorbance produced
the corresponding bond as a function of the wave numbv,
d is the thickness of the film, andKi is a constant, whic
takes the values;KSiH=7.131016 cm−1 and KNH=8.2
31016 cm−1.43 The concentrations of Si–H and N–H bon
calculated by this procedure, as a function of hydrogen
rate, are shown in Fig. 5. This figure shows that the N
bond concentration increases asymptotically toward,5.5
31021 cm−3, as the hydrogen flow rate increases fr
0 to 21 sccm. On the other hand, the concentration of S
bonds is quite lowsbelow 1.231021 cm−3d for films depos
ited without hydrogen and at 3.5 sccm, and it is below
FTIR detection limit s,1%d for films deposited at highe
hydrogen flow rates.

Figure 6 shows the19Fsp,agd16O RNR excitation curve
obtained from F-containing Si3N4 films. These curves corr
spond to the amount of fluorine atoms as a function of
film depth. The F depth profile is quite flat for most of
films, except for the film deposited without hydrogen,

FIG. 5. Concentration of Si–Hsnd and N–Hsjd bonds in films deposite
under the various hydrogen flow rates.

FIG. 6. RNRA spectra of fluorine resonance at 340 keV obtained from

deposited under different hydrogen flow rates.

JVST A - Vacuum, Surfaces, and Films
which a surface fluorine depletion is observed. The beh
of the total amount of F in the films as a function of hyd
gen flow rate is depicted in Fig. 7. One can observe from
figure that the F content decreases as the H2 flow rate in-
creases. The relative content of Si, N, F, and O atoms i
films was determined by RBS using a4He beam a
3.05 MeV, which occurs for the elastic16Osa ,ad16O scatter
ing resonance which intensifies the oxygen signal. The
results indicate that the Si/N ratio first decreases and th
is practically constant, meanwhile the oxygen content
creases systematically as the H2 flow rate increasesssee
Fig. 7d.

Figure 8 shows the typical current-voltage characteri
of MIS structures incorporating fluorinated silicon nitr
films deposited under three different hydrogen flow rate
ditions; 0, 7, and 21 sccm. The leakage current for the si
nitride film deposited without hydrogen is quite high, ho
ever, it is significantly lower for the films deposited w
hydrogen. The lowest leakage current corresponds to
deposited at the highest hydrogen flow rates21 sccmd, and it
is lower than 1310−5 A/cm2 for electric fields as high a
7 MV/cm.

FIG. 7. Plots of Si/N ratiosupperd, at. % Fsmiddled and at. % Osbottomd,
vs hydrogen flow rate used during deposition.

FIG. 8. Current density–electric-field characteristic for MIS structures
structed with fluorinated silicon-nitride films deposited with different hy

gen flow rates.
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IV. DISCUSSION

Our results show that hydrogen flow rate has an impo
effect on the deposition rate, composition, structural, ch
cal, and electrical properties of the fluorinated silicon nit
films. We can explain most of these results on the basis
comparative analysis of some of the simplest overall pos
reaction pathways for film deposition, for each case;
and without hydrogen.

Given the gas feed configuration in our RPECVD syst
when no hydrogen is used during deposition, some o
possible overall reaction pathways for film formation can
the following;

plasma zone: sN2 + Ardp → N2
p + Arp, s2d

downstream: Arp + N2
p + SiF4 → SiFNssd + NF3 + Ar,

s3d

Arp + SiF4 → SiFssd + F2 + F + Ar, s4d

where the asterisks indicate the plasma excitation proce
excited state of the atoms and/or radicals. Reactions2d indi-
cates that N2 and Ar are excited in the remote plasma zo
producing energetic Ar metastablessArpd and nitrogen ex
cited speciessN2

pd. Reactions3d indicates that at the outsi
plasma zone, the SiF4 molecules introduced downstrea
through the gas dispersal ring are dissociated by the acti
species from the plasma zone, and that the growth o
solid film fSiNFssd or SiNx:Fssdg occurs through the heter
geneous reactions between SiF radicals and N radicals o
substrate surface. Reactions4d indicates that some of the S
radicals produced by impact of Arp with the SiF4 can reac
with themselves, forming a solid phase of fluorinated sili
fSiFssd or Si:Fssdg on the substrate surface.

When hydrogen molecules are added to the downst
region, the reactions in the plasma zone are the same a
s2d, but the reactions outside the plasma region are mod
So, in this case some possible reactions can be describ

downstream: Arp + N2
p + SiF4 + H2

→ SiN2ssd + 2HF + F2 + Ar, s5d

Arp + SiF4 + H2 → Si + 2HF + F2 + Ar. s6d

In Eqs.s5d ands6d, it has been ideally assumed that hydro
atoms are 100% effective in removing fluorine atoms f
the growing film. Although in practice this idealization do
not occur, it has been done so in order to emphasize
hydrogen atoms have the ability of removing fluorine at
from the growing film, forming volatile HF.48,49

As Fig. 1 shows, we obtained the highest film depos
rate without adding any hydrogen to the remote plasma
tivated reactions, and the film deposition rate decreases2
is added to the reactions. This behavior is opposite to
found in the past by Fujita for films deposited from the sa
SiF4/N2/H2 mixture.22 Using a conventional PECVD di
charge Fujita found that film deposition does not take pla

hydrogen is not included in the plasma reactions and tha
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film deposition rate increases with hydrogen addition.
means that the simple criteria used by Fujita to explain
absence of film growth without hydrogen, based on the
archy of diatomic bond energiess5.57 eV for Si–F, 5.2 eV
for Si–Nd,22 is insufficient to explain our experimental
sults, and therefore other growing mechanisms and proc
must be taken into account.

As it has been reported in a recent study on the gas p
and surface chemistry of SiF4 and SiF4/H2 plasmas interac
ing with Si substrates, there are a variety of plasma-su
processes in this system, such as radical-surface reac
radical-radical gas phase reactions, ion bombardment, w
may contribute to film deposit, etching, and/or only F a
incorporation.49 The balance between film growth and s
strate etching in these fluorosilane systems depends o
concentration of the different chemical species generate
the plasma reactions and their interaction with the subs
being processed, which in turn depend on experimental
ditions such as feed gas composition, plasma power,
sure, etc. Some specific conclusions49 which are useful fo
the discussion of our deposition process are the followinsid
the equilibrium between etching and deposition proce
can be monitored by film deposition rate, which is inver
proportional to the SiF2 gas phase density,sii d SiF2 and SiF4
are the main volatile product of Si etching by F atoms,siii d
SiF is the main film deposition precursor and the contr
tion of this radical to film growth is related to both gas-ph
density and to sticking probability,sivd when H2 is included
in the reactions, volatile HF is produced by gas phase
tions of H atoms with SiFx sx=1,2,3,4d radical. In addition
to H atom scavenging of F atoms, which inhibit the Si e
ing, new deposition precursors are formed.

Based on the above-mentioned study and given the
deposition rate of films deposited without hydrogen we
conclude that in this case and under our experimental c
tions shigh remote plasma power, and low pressured, the pro-
duction of fluorine-silicon film deposition precursors p
dominates over that of etching and/or volatile species w
do not form a deposit. Thus in the absence of hydroge
deposit can proceed through reactions between SiF ra
and the nitrogen excited species, N2

p, or other SiF radica
fsee Eqs.s3d and s4dg, and there is well expected incorpo
tion of great amounts of silicon-fluorine radicals in the fil
This explains why films deposited without hydrogen h
the highest amount of fluorine atoms incorporated and
lowest refractive indexssee Figs. 1, 6, and 7d. Given the high
fluorine content, and since F atoms tend to form term
bonds sthey join with only one atomd, it is well expected
that the films will result with an open structureslow
densityd,27,31,33and with a fluorine terminated surface, wh
is consistent with its high chemical etch ratessee Fig. 2d. As
it has been reported previously, when a porous and flu
terminated silicon or silicon nitride surface is exposed to
ambient moisture, it is oxidatively attacked through pene
tion of oxygen and water molecules in its network, los
fluorine through the formation of volatile HF.49,50 This ex-

tplains the fluorine surface depletion observed in the RNR
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spectra shown in Fig. 6 corresponding to the film depos
without hydrogen, and the high oxygen content in this
sFig. 7d. The contradictory appearance of Si–H and N
bonds found in the IR spectrum of the film deposited with
hydrogens Figs. 3 and 5d can also be explained in terms o
complicated postdeposition hydrolization process gene
by the atmospheric moisture, where the final products ar
only Si–O bonds but also N–H and Si–H bonds. The fact
the IR characteristics and refractive index of these filmssand
all the otherd do not change after being exposed to the
bient moisture and immersion in deionized water means
the hydrolyzation/oxidation occur almost instantaneo
when the films are withdrawn from the reactor and that
process saturates rapidly because it only removes the w
bonded fluorine surface atoms but leaves intact the m
proportion of F atoms, which are forming strong and st
bonds. However, a deep explanation of how the hydrol
tion and stabilization occur is out of the scope of this w

The large shift of the fundamental Si–N absorption p
s950 cm−1d for the film deposited without hydrogen co
pared with that of hydrogenated silicon-nitride fil
s850 cm−1d is consistent with its high fluorine conte
s28% at.d and it is supposed to be caused by the enha
ment of the elastic constant of the Si–N bonds where the
a back-bonded F atom which leaves more positive pa
charge in the Si atom.22

The incorporation of high amounts of Si–F bonds in
film deposited without hydrogen is also consistent with
high Si/N ratio. A theoretical rough estimation of the Si
ratio for the as-deposited film under this condition can
made if we assume that the F atoms substitute for th
atoms in the fundamental Si–N4 tetrahedral units whic
form the ideal Si3N4 random networkswhere each nitroge
atom is bonded to three silicon atomsd. For example, if we
assume that only one fluorine atom is incorporated in ea
the Si–N4 tetrahedral, assuming that each of the remainin
atoms continue bonded to three silicon atoms, the com
tion would be SiN3/3F or SiNF. In this case the percentage
fluorine atoms would be 33.33% and the ratio Si/N=1. Thus
the fact that the experimental Si/N ratio is much higher
1 s,1.68d indicates that the as-deposited film must conta
higher fluorine contentsSiNxFy with x,1, y.1d and/or tha
there are some Si–Si bonds incorporated in the film. T
the lower percentage of fluorine atoms experimentally fo
for this film after being exposed to the ambient mois
s,28%d, can be explained in terms of the fluorine l
through HF formation by the above-mentioned hydrolyza
effect.

The reduction in film deposition rate as H2 is added to th
remote plasma activated reactions, shown in Fig. 2, ca
speculatively associated to the dilution of the SiF4 gas, pro
duced by the increase in the partial pressure of hydro
because when hydrogen is added to the downstream re
fraction of the energetic speciessArp, N2

p, etc.d coming from
the plasma zone will transfer its energy to the H2 molecules
to dissociate them instead of dissociating the SiF4 molecules

This will reduce the amount of SiF radicals contributing to
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the film growth, and consequently the film growth rate
be decreased. Equationss5d and s6d also show that atom
hydrogen will extract fluorine from the reactive spec
through the formation of HF. This explains the reduc
observed in the fluorine contentsFigs. 6 and 7d, the shift of
the main Si–N IR absorption peak toward lower wave n
berssFig. 4d, and the increase in the refractive indexsFig. 1d
of the films as the hydrogen flow rate is increased. Th
duction in the fluorine content of the films also gives ris
a less open structure with the consequent diminution in
chemical etch rate as the hydrogen flow rate incre
sFig. 2d.

The fact that the concentration of N–H bonds incre
while that of the Si–H decreasesstoward undetectable limitd
as the hydrogen flow rate increasesssee Fig. 5d indicates tha
the N–H bonds are formed during the deposition of th
films, meanwhile the Si–H bonds are not formedin situ but
after exposing the films to the ambient moisture. The p
bility that the Si–H bonds be formed during the deposi
process is discarded due to the low bonding energy of
s3.24 eVd compared to that of the N–Hs3.73 eVd and Si–F
s5.59 eVd bonds.51 It is well expected that the films becom
less silicon rich when hydrogen is added to the reac
because the extraction of fluorine from forming the S
bonds allows the formation of more Si–N bonds. Howe
since the increase in the hydrogen flow rate is also ac
panied by an increase in the amount of N–H bonds, w
has the contrary effect of inhibiting the formation of N
bonds, both processes can give rise to the almost null v
tion in the Si/N ratio of films deposited with H2 flow rates
distinct of zero, observed in Fig. 7. The value of this r
sSi/N=1d for the films deposited with hydrogen, cor
sponds to a silicon rich composition, which may be ind
tive that they contain a certain amount of Si–Si bonds.
reduction in the oxygen content as the hydrogen flow
increases indicates that the oxygen is incorporated in
films after deposition by the hydrolyzation process, since
effect is weakened as a result of the fluorine content re
tion. The low refractive index of these fluorinated silic
nitride films, compared with that for Si3N4 s2.0d, can be du
not only to the lower polarizability of the Fs0.557
310−24 cm3d sRef. 34d atoms compared with that of the
s1.1310−24 cm3d sRef. 34d atoms, but also to the opening
the network produced by the presence of the terminal
bonds, as has been proposed in other previous work31,32

Based on this explanation, the increase in the refractiv
dex as the hydrogen flow rate increases is well expecte
to the reduction in the fluorine content. It should be cle
that the density of our films, determined from RBS and
thickness measurements, decreases from 2.6 to 2.5 g3

as the fluorine content increases from its minim
s16 at. %d to its maximum s27 at. %d value. The low
density values found for our films, compared with that
Si3N4 s3.5 gr/cm3d, are similar to those reported for fluo
nated silicon nitride films prepared from other mixtu
and/or processes,27,31,33 and they give some support to

argument of the opening of the film network as a result of
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fluorine incorporation. The small decrease in the densi
these films, as a function of fluorine content, can be
plained in terms of a quasibalance between two opposit
fects: the network opening and the increment in the ma
the films due to the increase in their Si contentssee Fig. 7d.

The very poor electrical properties of the film depos
without hydrogen is associated to both its highly silicon-
composition and the high content of Si–H bonds, which
motes an increased probability for Poole-Frenkel
emission.52 The remarkable improvement in the electr
properties of the fluorinated silicon nitride films as the
drogen flow rate increasessFig. 8d can be explained as
result of the reduction in the fluorine content and elimina
of Si–H bonds, which allows a film composition less silic
rich with reduced charge transport rates.52

V. CONCLUSIONS

Fluorinated silicon nitride films have been grown
RPECVD at 250 °C from Ar/SiF4/N2/H2 mixtures, unde
various hydrogen flow rates. Our experimental results s
that fluorinated silicon nitride films can be deposited with
adding any hydrogen to the plasma reactions. The depo
rate of films deposited without hydrogen was the high
however, they also resulted with the highest fluorine con
and silicon-rich composition. The Si–H and N–H bonds
well as oxygen found in these films, indicate that these fi
suffer a complex post-deposition hydrolyzation, which
very probably a consequence of the excess of fluorine
tent. These films also resulted with very poor insulating e
trical properties. The main effect of adding hydrogen to
deposition process is to improve the chemical stability
dielectric properties of the films through the reduction in
amount of fluorine incorporated in the films, although it a
reduces the deposition rate. Although the Si/N ratio of fi
deposited with hydrogen is lower than that for films dep
ited without hydrogen, this ratio remains constant as the
drogen flow rate increases in the range studied. This de
strates that our approach of using a hydrogen sourcesH2d
separated from the nitrogen sourcesN2d, is effective for con
trolling the fluorine incorporation in the RPECVD films,
dependently of the Si/N ratio. The purpose of Si–H bo
elimination from the silicon nitride films was also achiev
under our approach, since the use of hydrogen flow
higher than 3.5 sccm produces films free of these bonds
maximum concentration of N–H bonds incorporated in
these films was relatively lows,531021 cm−3d. Fluorinated
silicon-nitride films deposited with the highest hydrog
flow rate used in this works21 sccmd were the most chem
cally stable and had the better dielectric properties.
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