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Fluorinated silicon-nitride films have been prepared at low temperg28f@ ° C by remote plasma
enhanced chemical vapor deposition using mixtures of, $i, Ar, and various H 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 conten27 at. % and excess of silicon
(Si/N ratio=1.795. 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 (Si/N ratio=1.0) and contain a considerable amount of fluorirel6 at. %), they

are chemically stable and show acceptable dielectric prope@e2005 American Vacuum
Society.[DOI: 10.1116/1.1854693

[. INTRODUCTION Some approaches proposed to reduce the Si—-H content
in plasma deposited silicon nitride films make use of
Amorphous silicon-nitride thin films have a large spec-sjH, and modified plasma techniques such as remote-
trum of applications in the fabrication of microelectronic andpecvp (RPECVD),****!® electron cyclotron resonance
optoelectronic devices, such as gate dielectric layers in MISECVD (ECR-PECVD,**® inductively coupled plasma
and thin-film transistors, diffusion barriers in multilayer de- cyp (|CP_CVD)_19 Other strategies, proposed since more
vices, final passivation films in semiconductor devices, prothan one and a half decades ago, have been based on
tective and antireflecting coatings in solar cells, etc. The inthe use of conventional or modified PECVD processes
creasing technological advancements and the scaling dowR combination with alternative silicon (SiF,, SiF,,
of the sizes of modern microelectronic devices have imposeg;,F, SiH,F,, SiH,Cl,)?° " or nitrogen sourcegNF,).28-2
the necessity of lowering the deposition temperatures offhese approaches give rise to fluorinated or chlorinated sili-
these films:? For applications in hydrogenated amorphouscon nitrides, in which the concentration of Si-H bonds can
silicon (a-Si:H) devices, this requirement is also fundamentalbe drastically reduced, or even eliminated by increasing the
to avoid the effusion of hydrogen from the a-Si:H films, amount of the halogenated source introduced in the process
which degrades their electrical propertf’é%SiIicon nitride mixture. Due to the higher bond energy of the Si-F
films deposited by conventional direct plasma-enhance@131.9 kcal/mol and Si—Cl (109 kcal/mo) bonds, com-
chemical-vapor depositiofPECVD) using SiH, as the sili-  pared with that of the Si—H71.5 kcal/mo) bonds®* halo-
con precursor gas and NHr N, as nitrogen source gas genated silicon nitride films have in general better thermal,
meet quite well the requirement of low-temperaturechemical, and electrical stability than hydrogenated silicon
processin@.‘12 However, the dielectric integrity and stability nitride films. However, it has been generally found that films
of these films is usually affected by the incorporation ofwith a large halogen content have a very open structure,
Si—H bonds. hydrolyze and oxidize rapidly, and can even be converted

248 J. Vac. Sci. Technol. A 23 (2), Mar/Apr 2005 0734-2101/2005/23 (2)/248/8/$19.00 ©2005 American Vacuum Society 248



249 Fandifio et al.: Role of hydrogen on the deposition of silicon nitride 249

into silicon dioxide?*?*?33%32rherefore one problem to ad- 400—4000 cri, with 8 cnT? in resolution in order to avoid
dress with the use of halogenated sources for PECVD depadnterference effects.
sition of silicon nitride films is to achieve good control  The total amount of fluorine atoms in the films was mea-
and/or to minimize the incorporation of halogen atoms. sured with the resonant nuclear reacti®tNR) techniqué5
Some of the most recent reports have shown that highlising the Instituto de Fisica 700 kV Van de Graaff accelera-
quality fluorinated silicon nitride films can be obtained attor. Following this procedure the amount of F atoms is de-
low temperatures by REPCVD using mixtures of Sehd  termined by the number of gamma rays produced from the
NH3.27 Under this approach, the control of the fluorine con-°F(p, @y)*°0 nuclear reaction, taking advantage of its sharp
centration in the films is achieved by changing theN&iF,  resonance at a proton bombarding energy of 340 keV. In our
ratio, because the hydrogen coming from Natts as a get- experiments, a 5.1-cm-diam by 5.1-cm-thick NaJ scintil-
tering agent to extract fluorine from the film forming reac- lation detector(placed as close as possible to the saple
tions. In spite of this achievement, one apparent limitation ofwvas used to detect therays emitted in the forward direction
this approach is that fluorine concentration can not be varie@®° laboratory angle The excitation curves of the
independently of the ratio of N to Si atoms incorporated in*°F(p, ay)*®0 nuclear reactions were obtained automatically
the film. Due to this we were motivated to investigate theusing a computer prografhand each measured point corre-
deposition and resulting properties of fluorinated silicon ni-sponded to a dose of BC. Quantification of the atomic
tride films prepared by high density—inductively coupledfraction of fluorine in the SN, films was made by compari-
RPECVD from Ar/SiR/N,/H, mixtures, with particular son of the gamma yieldr from our samples with that of a
emphasis on the study of the role of the hydrogen flow rateeference standards having a known atomic fractiom of
on the deposition rate, fluorine content, and properties of théuorine>>*’In the present case, a thick LiF crystal was used
films. In principle the use of this mixture has the advantageas a reference standard. Rutherford backscattering spectrom-
of having separated the hydrogen source from the nitrogeatry (RBS) was used to determine the elemental composition
source, which should allow the control of fluorine incorpo- of the films. These experiments were performed using the
ration independently of the N/Si ratio incorporated in the3 MV tandem acceleratofNEC 9SDH-2 Pelletronof the
film. Another potential advantage previewed for the use ofinstituto de Fisica. In particular, with #e beam we took
this mixture is the possibility to reduce the incorporation ofadvantage of the elasttfO(«a, @)*°0 scattering resonance at
N—-H bonds. 3.045 MeV for the oxygen measurements. At this resonant
energy, the cross section for oxygen is 25 times larger than
its corresponding Rutherford cross section, allowing high
II. EXPERIMENT sensitivity for oxygen content determinatidh.The film
composition was then determined by fitting the experimental
The films were deposited in a custom designed RPECVIRBS spectra using theump simulation prograni’
system manufactured by MVSystei@oloradg, whose char- The electrical properties of some fluorinated silicon ni-
acteristics have been reported elsewtiérsr and N, were  tride films (SiN, : F) were assayed from current-voltage mea-
fed into the chamber from the top of the quartz tdpasma  syrements carried out on aluminum/$iR/silicon struc-
region, meanwhile Sif and H, were fed downstream to the tyres. The metal insulator silicofMIS) structures were
plasma by means of the dispersal rings located a few centgonstructed by evaporating aluminum discs with an area of
meters over the substrate holder. All the films were depositeg 013 cn? on SiN,:F films onn-type (100), 0.1—2.0Q cm,
at a constant substrate temperature of 250 °C, and the &ingle crystalline silicon substrates, previously cleaned with
power was fixed at 550 W giving a power density of the RCA process. TheV measurements were obtained us-
7 Wcnt?2 The flow rates of Ar, Sif; and N, were kept ing a Keithley 230 voltage source and a Keithley 485 pi-

constant at values of 38, 3.5, and 7.0 sccm, respectively. Th&ameter, both programmable, applying a ramp voltage of
main variable in this study was the hydrogen flow rate,g5 v 1.

which took values from zer@0), to 21 sccm. The working
pressure was fixed at 10 mTorr by adjusting the pumpin
speed of the turbomolecular pump. q”' RESULTS
In order to make the structural characterization, films ap- Figure 1 shows the variation in film growth rate and re-
proximately 100 and 500 nm thick were grown ¢H00  fractive index as a function of the hydrogen flow rate used
n-type silicon crystalline substrates with a resistivity of during the deposition process. As can be seen from this fig-
200 cm. Prior to deposition, the substrates were cleanedre, the highest growth rat€l4 nm/mir) is obtained for
by immersion in f-etch solution” (300:15:10 parts of films deposited without hydrogen, and this rate decreases
H,0:HNO;:HF) for 5 min. with the addition of hydrogen. Figure 1 also shows that all
The thickness and refractive index of the films were de-the films have refractive index values lower than the value
termined by ellipsometric measurements, carried out with &orresponding to the stoichiometric mater(al0), which is
null single wavelength Gaertner L117 ellipsometer atcharacteristic of fluorinated silicon nitride films. The lowest
632.8 nm. Infrared transmission spectra were obtaierd refractive index valué€l.6) corresponds to the film deposited
situ by means of a Fourier transform infraré@TIR) Nicolet ~ without hydrogen, and it increases asymptotically toward
210 spectrophotometer, operated in the range ofl.72 as the hydrogen flow rate increases from 0 to 21 sccm.
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Fic. 1. Growth rate and refractive index vs hydrogen flow rate for fluori- Fig. 3. FTIR spectra of fluorinated silicon-nitride films with hydrogen flow
nated silicon-nitride films deposited by RPECVD using &N,/H,/Ar rate as a parametef@ 0 sccm,(b) 3.5 sccm,(c) 7 scem,(d) 14 sccm,(e)
mixtures. 21 sccm.

) . . tion band related to Si—H bonds for films deposited at hydro-

The behavior of the etch rate of the films in the 5% HF gop, {6\ rates larger than 3.5 scem. It is worth mentioning
bgffer solynon as afuncuoln of hydrogen dilution is shoyvn Nthat the infrared spectra shown in Fig. 3 were obtaiegd
Fig. 2. Films prepared without hydrogen have the highesljy, just after taking out each sample from the deposition
etch rate(9.2 nm/g and as hydrogen is added to the réac-cpamper. This was done in order to minimize the exposure
tions the etch rate decreases, reaching a minimum value gfne of the samples to ambient moisture. The stability of the
2 nm/s. Typical FTIR transmission spectra of films depos—ampjes under exposure to the ambient air and moisture were
ited under the different piflow rates are shown in Fig. 3. In - gy stematically studied by taking infrared spectra and measur-
all the spectra clearly appears a broad and intense absorptigiy, iheijr refractive index after different intervals of time. No
band centered around 900—-945"¢nas well as a small peak ¢panges were detected in the infrared characteristics and re-
around 475-495 cm, which can be associated to the 4 ctive index of any of the samples, even after a period of
asymmetric stretching of Si-N bonds and Si breathingz months. In order to make a further test of the chemical
vibrations in_ the fluorinated silicon —nitride films, giapility of the films they were immersed in de-ionized water
respectively. 777" The absorption dlff to Si—F bonds ¢, 168 h. After this accelerated oxidation test, no changes
(810-1050 cm) and N-F bond$1032 cm?), if they exist,  \ere found in the FTIR spectra and refractive index. The
are veiled by the wide Si-N absorption baffid! 254 comparative analysis among IR spectra shows that the ab-
There are also absorption peaks, at 3378 and 1200 un sorption peak related to Si-N bonds gradually shifts toward
lated to stretching and bending vibrations of N-H bondsy,yer wave numbers as the amount of hydrogen increases.
respectively” >**"**Additionally, a small absorption band g piot of the peak position of this fundamental absorption
located at 2219 ci, related to Si-H bonqzsa,' 'S pand as a function of Hflow rate is depicted in Fig. 4. As
observed in the spectra of the films deposited without hydroz,, he seen in this plot, the wave number of this peak de-

gen and with a low hydrogen flow ra{8.5 sccr), although  ¢eases from approximately 945 to 900¢nas the hydro-
in the latter case the intensity is low. There was no absorpgen flow rate increases from O to 21 scem.

12 950
HF 6% | Si-N stretching peak
104 940
. —
& 8 £ 930+
[’
€ :‘E_" u|
£ @
2 2 920- \
g [ ] 2
£ 4 \ o
| n & 910
= \. g o0 D\
\
2+ [ |
9004 a ]
0 T T T T T T L L} L} L] L}
0 4 8 12 16 20 0 5 10 15 20
Hydrogen flow rate (sccm) Hydrogen flow rate (sccm)

Fic. 2. Etch rate of fluorinated silicon-nitride films as a function of hydro- Fic. 4. Fundamental Si—-N stretchit§TIR) peak position for the films as a
function of hydrogen flow rate.

gen flow rate.

J. Vac. Sci. Technol. A, Vol. 23, No. 2, Mar/Apr 2005



251 Fandifio et al.: Role of hydrogen on the deposition of silicon nitride 251

6x10°" + 22071
“ 164 |
e 5x10° + * £ 12] I 1 I I
s 0.8 ! ! L L
1 T T T T T
5 4x10° 4 32 i
§ w
£ 3x10"' X 24 f
] —8—NH @ i ]
g 210 —&—SiH 161 &
{é’ ) | s y y T y
g 1071 A\ { Below FTIR detection limit | Q 12 ¥ 3
B : o
0 A\A A A ® 81 3 e
T T T T T 4- T T T T ¥ z
0 5 10 15 20 25 0 5 10 15 20
Hydrogen flow rate (sccm) Hydrogen flow rate (sccm)

Fic. 5. Concentration of Si-HA) and N-H (M) bonds in films deposited  Fig. 7. Plots of Si/N ratiouppe), at. % F(middle) and at. % O(bottor),
under the various hydrogen flow rates. vs hydrogen flow rate used during deposition.

The concentrations of Si—-H and N—H bonds incorporated

in the films were calculated using the formtHa’ which a surface fluorine depletion is observed. The behavior
2303 of the total amount of F in the films as a function of hydro-
[H], = 'TKi J A(w)dw, (1)  gen flow rate is depicted in Fig. 7. One can observe from this

figure that the F content decreases as theflblv rate in-

where[H]; is the concentration of hydrogen bonded to sili- creases. The relative content of Si, N, F, and O atoms in the
con or nitrogen, the subindesis used to distinguish between films was determined by RBS using #He beam at
Si—H and N—H bondsA(w) is the absorbance produced by 3.05 MeV, which occurs for the elasttfO(a, a)*®0 scatter-
the corresponding bond as a function of the wave number ing resonance which intensifies the oxygen signal. The RBS
d is the thickness of the film, anK; is a constant, which results indicate that the Si/N ratio first decreases and then it
takes the values;Kgy=7.1x10%cm™ and Ky,=8.2 is practically constant, meanwhile the oxygen content de-
% 10" cm 1.3 The concentrations of Si-H and N—H bonds creases systematically as the How rate increasegsee
calculated by this procedure, as a function of hydrogen flowrig- 7).
rate, are shown in Fig. 5. This figure shows that the N-H Figure 8 shows the typical current-voltage characteristics
bond concentration increases asymptotica"y toward.5 of MIS structures incorporating fluorinated silicon nitride
X 10?t cmi®, as the hydrogen flow rate increases fromfilms deposited under three different hydrogen flow rate con-
0 to 21 sccm. On the other hand, the concentration of Si—Hlitions; 0, 7, and 21 sccm. The leakage current for the silicon
bonds is quite low(below 1.2x< 10?* cm™3) for films depos-  nitride film deposited without hydrogen is quite high, how-
ited without hydrogen and at 3.5 sccm, and it is below theever, it is significantly lower for the films deposited with
FTIR detection limit(~1%) for films deposited at higher hydrogen. The lowest leakage current corresponds to films
hydrogen flow rates. deposited at the highest hydrogen flow ré2é& sccm, and it

Figure 6 shows th&°F(p, @)*°0 RNR excitation curves is lower than X 107° A/cm? for electric fields as high as
obtained from F-containing $\, films. These curves corre- 7 MV/cm.
spond to the amount of fluorine atoms as a function of the
film depth. The F depth profile is quite flat for most of the
films, except for the film deposited without hydrogen, in
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Fic. 8. Current density—electric-field characteristic for MIS structures con-
Fic. 6. RNRA spectra of fluorine resonance at 340 keV obtained from filmsstructed with fluorinated silicon-nitride films deposited with different hydro-
deposited under different hydrogen flow rates. gen flow rates.
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IV. DISCUSSION film deposition rate increases with hydrogen addition. This

. means that the simple criteria used by Fujita to explain the
Our results show that hydrogen flow rate has an Importar.‘éubsence of film growth without hydrogen, based on the hier-

effect on the d_eposmon rgte, composmo_n, struc_tl_JraI, C.he.mlérchy of diatomic bond energig¢§.57 eV for Si—F, 5.2 eV
cal, and electrical properties of the fluorinated silicon nitride CoN 22 - . !
for Si—N),~* is insufficient to explain our experimental re-

films. We can explain most of these results on the basis of a ; .
. ) : - Sults, and therefore other growing mechanisms and processes
comparative analysis of some of the simplest overall possible

reaction pathways for film deposition, for each case; withmu:tS iehfskigéﬂt?eagﬁfudnit}, recent study on th h
and without hydrogen. porte arecent study on the gas pnase

Given the gas feed configuration in our RPECVD system,and surface chemistry of §jand Sif/H, plasmas interact-

when no hydrogen is used during deposition, some of thdg with Si substrates, there are a variety of plasma-surface

possible overall reaction pathways for film formation can peProcesses in this system, such asft adical-surface reactpns,
radical-radical gas phase reactions, ion bombardment, which

the following; . ' . .
may contribute to film deposit, etching, and/or only F atom
plasma zone: (N, + Ar)" — N+ Ar", (2)  incorporation'® The balance between film growth and sub-
strate etching in these fluorosilane systems depends on the
downstream:  Af+ N + SiF, — SiFN(s) + NF; + Ar, concentration of the different chemical species generated by

(3) the plasma reactions and their interaction with the substrate
being processed, which in turn depend on experimental con-
Ar* + SiF, — SiF(s) + F, + F + A, (4)  ditions such as feed gas composition, plasma power, pres-
sure, etc. Some specific conclusidhwhich are useful for
where the asterisks indicate the plasma excitation process @e discussion of our deposition process are the follow(ng:
excited state of the atoms and/or radicals. Read®mndi-  the equilibrium between etching and deposition processes
cates that band Ar are excited in the remote plasma zone.can be monitored by film deposition rate, which is inversely
producing energetic Ar metastable&r®) and nitrogen ex-  proportional to the SiFgas phase densitgij) SiF, and Sik
cited speciesNy). Reaction(3) indicates that at the outside are the main volatile product of Si etching by F atorfiis)
plasma zone, the SjFmolecules introduced downstream giF is the main film deposition precursor and the contribu-
through the gas dispersal ring are dissociated by the activatqghn of this radical to film growth is related to both gas-phase
species from the plasma zone, and that the growth of thgensity and to sticking probabilityiv) when H, is included
solid film [SiNF(s) or SiN,:F(s)] occurs through the hetero- i, he reactions, volatile HF is produced by gas phase reac-
geneous reactions between SiF radicals and N radicals on thgns of H atoms with SiF(x=1,2,3,4 radical. In addition
substrate surface. Reactioh) indicates that some of the SiF to H atom scavenging of F atoms, which inhibit the Si etch-
radicals produced by impact of Awith the SiF, can react ing, new deposition precursors are formed.
wiFh themsglves, forming a solid phase of fluorinated silicon Based on the above-mentioned study and given the high
[SiFs) or Si:Fs)] on the substrate surface. deposition rate of films deposited without hydrogen we can
When hydrogen m.olecules are added to the dOV\mStre"’“(‘@onclude that in this case and under our experimental condi-
region, the reactions in the plasma zone are the same as ﬂ)ns(high remote plasma power, and low pressuiee pro-
(2), but the reactions outside the plasma region are modifie uction of fluorine-silicon film deposition precursors pre-

So, in this case some possible reactions can be described Yminates over that of etching and/or volatile species which

downstream: Af+ N3 + SiF, + H, do not form a deposit. Thus in the absence of hydrogen the
deposit can proceed through reactions between SiF radicals
and the nitrogen excited speciesy, Mr other SiF radicals

o . [see Egs(3) and(4)], and there is well expected incorpora-
A+ SiFy +H, — Si+ 2HF + R+ Ar, (6) tion of great amounts of silicon-fluorine radicals in the films.

In Egs.(5) and(6), it has been ideally assumed that hydrogenThis explains why films deposited without hydrogen have
atoms are 100% effective in removing fluorine atoms fromthe highest amount of fluorine atoms incorporated and the
the growing film. Although in practice this idealization does lowest refractive indexsee Figs. 1, 6, and).7Given the high
not occur, it has been done so in order to emphasize thdluorine content, and since F atoms tend to form terminal
hydrogen atoms have the ability of removing fluorine atomsoonds (they join with only one atom it is well expected
from the growing film, forming volatile HF®*? that the films will result with an open structurow

As Fig. 1 shows, we obtained the highest film depositiondensity,?”****and with a fluorine terminated surface, which
rate without adding any hydrogen to the remote plasma ads consistent with its high chemical etch rdsee Fig. 2 As
tivated reactions, and the film deposition rate decreases as Ht has been reported previously, when a porous and fluorine
is added to the reactions. This behavior is opposite to thaerminated silicon or silicon nitride surface is exposed to the
found in the past by Fuijita for films deposited from the sameambient moisture, it is oxidatively attacked through penetra-
SiF,/N,/H, mixture?* Using a conventional PECVD dis- tion of oxygen and water molecules in its network, losing
charge Fuijita found that film deposition does not take place ifluorine through the formation of volatile H®:>° This ex-
hydrogen is not included in the plasma reactions and thaplains the fluorine surface depletion observed in the RNR

— SiNy(s) + 2HF + F, + Ar, (5)
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spectra shown in Fig. 6 corresponding to the film depositedhe film growth, and consequently the film growth rate will
without hydrogen, and the high oxygen content in this flmbe decreased. Equatiofs) and (6) also show that atomic
(Fig. 7. The contradictory appearance of Si-H and N-Hhydrogen will extract fluorine from the reactive species
bonds found in the IR spectrum of the film deposited withoutthrough the formation of HF. This explains the reduction
hydrogen( Figs. 3 and bcan also be explained in terms of a observed in the fluorine conteffigs. 6 and Y, the shift of
complicated postdeposition hydrolization process generateithe main Si—N IR absorption peak toward lower wave num-
by the atmospheric moisture, where the final products are ndiers(Fig. 4), and the increase in the refractive ind@ig. 1)
only Si—O bonds but also N-H and Si—H bonds. The fact thaof the films as the hydrogen flow rate is increased. The re-
the IR characteristics and refractive index of these filemtl  duction in the fluorine content of the films also gives rise to
all the othey do not change after being exposed to the am-a less open structure with the consequent diminution in their
bient moisture and immersion in deionized water means thathemical etch rate as the hydrogen flow rate increases
the hydrolyzation/oxidation occur almost instantaneously(Fig. 2).
when the films are withdrawn from the reactor and that this The fact that the concentration of N-H bonds increases
process saturates rapidly because it only removes the weaklyhile that of the Si—-H decreasé®ward undetectable limits
bonded fluorine surface atoms but leaves intact the majaas the hydrogen flow rate increagese Fig. Hindicates that
proportion of F atoms, which are forming strong and stablehe N-H bonds are formed during the deposition of these
bonds. However, a deep explanation of how the hydrolyzafilms, meanwhile the Si—H bonds are not fornmiadsitu but
tion and stabilization occur is out of the scope of this work.after exposing the films to the ambient moisture. The possi-
The large shift of the fundamental Si—-N absorption peakbility that the Si—H bonds be formed during the deposition
(950 cmit) for the film deposited without hydrogen com- process is discarded due to the low bonding energy of Si—H
pared with that of hydrogenated silicon-nitride films (3.24 e\j compared to that of the N—kB.73 e\j) and Si-F
(850 cmi!) is consistent with its high fluorine content (5.59 e\) bonds>* It is well expected that the films become
(28% at) and it is supposed to be caused by the enhancdess silicon rich when hydrogen is added to the reactions
ment of the elastic constant of the Si—N bonds where there ibecause the extraction of fluorine from forming the Si—F
a back-bonded F atom which leaves more positive partiabonds allows the formation of more Si—N bonds. However,
charge in the Si atorff. since the increase in the hydrogen flow rate is also accom-
The incorporation of high amounts of Si—F bonds in thepanied by an increase in the amount of N-H bonds, which
film deposited without hydrogen is also consistent with itshas the contrary effect of inhibiting the formation of N-Si
high Si/N ratio. A theoretical rough estimation of the Si/N bonds, both processes can give rise to the almost null varia-
ratio for the as-deposited film under this condition can betion in the Si/N ratio of films deposited with Hlow rates
made if we assume that the F atoms substitute for the Mistinct of zero, observed in Fig. 7. The value of this ratio
atoms in the fundamental Si4Netrahedral units which (Si/N=1) for the films deposited with hydrogen, corre-
form the ideal SjN, random networkwhere each nitrogen sponds to a silicon rich composition, which may be indica-
atom is bonded to three silicon atom&or example, if we tive that they contain a certain amount of Si—-Si bonds. The
assume that only one fluorine atom is incorporated in each akeduction in the oxygen content as the hydrogen flow rate
the Si—N, tetrahedral, assuming that each of the remaining Nncreases indicates that the oxygen is incorporated in the
atoms continue bonded to three silicon atoms, the composfilms after deposition by the hydrolyzation process, since this
tion would be SiN,sF or SiNF. In this case the percentage of effect is weakened as a result of the fluorine content reduc-
fluorine atoms would be 33.33% and the ratiél&+1. Thus  tion. The low refractive index of these fluorinated silicon
the fact that the experimental Si/N ratio is much higher thamitride films, compared with that for §\, (2.0), can be due
1 (~1.68 indicates that the as-deposited film must contain anot only to the lower polarizability of the HKO0.557
higher fluorine contentSiN,F, with x<1,y>1) and/or that X 10724 cn?®) (Ref. 34 atoms compared with that of the N
there are some Si-Si bonds incorporated in the film. Then(1.1x 10724 cm®) (Ref. 34 atoms, but also to the opening of
the lower percentage of fluorine atoms experimentally foundhe network produced by the presence of the terminal Si-F
for this film after being exposed to the ambient moisturebonds, as has been proposed in other previous works.
(~28%), can be explained in terms of the fluorine lossBased on this explanation, the increase in the refractive in-
through HF formation by the above-mentioned hydrolyzationdex as the hydrogen flow rate increases is well expected due
effect. to the reduction in the fluorine content. It should be cleared
The reduction in film deposition rate as 4 added to the that the density of our films, determined from RBS and film
remote plasma activated reactions, shown in Fig. 2, can bhickness measurements, decreases from 2.6 to 2.5 §r/cm
speculatively associated to the dilution of the Sifas, pro- as the fluorine content increases from its minimum
duced by the increase in the partial pressure of hydroger(l6 at. %9 to its maximum (27 at. %) value. The low-
because when hydrogen is added to the downstream regiondansity values found for our films, compared with that for
fraction of the energetic speci¢ar”, N, etc) coming from  SisN, (3.5 gr/cnd), are similar to those reported for fluori-
the plasma zone will transfer its energy to the iHolecules nated silicon nitride films prepared from other mixtures
to dissociate them instead of dissociating the,$ilecules. and/or processed;***3and they give some support to the
This will reduce the amount of SiF radicals contributing to argument of the opening of the film network as a result of
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