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Fluorinated silicon—nitride films (SINF) have been prepared at 250°C by remote
plasma-enhanced chemical-vapor deposition using mixtures @f ISHF; in different proportions.

The structure, relative composition, and fluorine content of the films were evaluated by
Fourier-transform infrared spectroscopy, Rutherford backscattering, ellipsometry, and resonant
nuclear-reaction analysis. The electrical properties of the films were also assessed from the current—
voltage characteristics of Al-SiNF—Si metal—insulating—semiconductor structures. It was found
that the Silz/NH; ratio produces little influence on the refractive index and density of the films, but
this ratio has important effects on the fluorine content, deposition rate, and electrical properties. In
general, these SiNF films are free of Si—H bonds, chemically stable, and show breakdown fields
above 8 MV/cm. ©2004 American Vacuum SocietyDOI: 10.1116/1.1699335

[. INTRODUCTION reliability problems when they are used in electronic devices.
In order to avoid the incorporation of hydrogen in these
AlthOUgh silicon nitride in the form of thin film has been fi|mS’ different approaches have been used, inc|uding He di-
prepared and studied for many yeaits remarkable physi- |ution and thermal annealing in a nitrogen ambntapid
cal propel’ties make this insulator a promising material fortherma| annea”nézl p|asma pretreatmen%g,and Optimiza_
present and future technological applications, including solafion of gas-source mixturé4. Nevertheless, the intrinsic
cells?* radiative coolind, resonant structures and some chemistry of the Sikj plasma process will make further hy-
other micromechanical applicatio”s, thin film transistors, drogen content optimization very difficult because process-

8,9 . . .
etc. ) ) ] ~ing temperatures will be forced to go down by technological
Also, the advent of submicron electronic-device fabrica-requirements.

tion has brought unprecedented interest in silicon nitride as a angther method to overcome this problem is the addition
. . . ,11 . . . . R X

gate dielectric mgter;%ﬂ and intermetallic (_1|e|ectr|_&_2. of fluorine precursors that act as hydrogen gettering agents.
Most of these applications require the preparation of silicon—g, example, mixtures of NFN,/SiH, and
nitride thin films at low temperatures to avoid interdiffusion NF4/NH5/N,/SiH, have been used for depositing fluori-
between adjacent layers of devices. Silicon—nitride films,ated silicon-nitride films at 300 °C by direct and remote
have been obtained at low temperatures350°Q by  pgcyp25-27|n these cases the films that result have fluorine
plasma-enhanced chemical vapor depositi®ECVD) in  atoms incorporatedirom 6 to 20 at. % in their SN, net-
several versions such as capacitively \;glléplt_%d PE%’ work, and for this reason they are called fluorinated silicon—
electron  cyclotron resonance-PECVD,” inductively niyrige films. However, even at high fluorine concentrations,
coupled remot%r_)lzaosma enhanced chemical vapor depositiqyme sj—H bonds remain in these films, and they contain
(RPECVD, etc.”™ o unexpectedly high oxygen concentratidng®

However, in spite of _the intrinsic differences bgtween the  Another approach that has been used for reducing the in-
P_ECVD versions mentlon(_ad above, the generalized use Qforporation of hydrogen is to change the Sighs by other
SiH, as the silicon source is a common factor that producegjjicon gaseous source, with less or none hydrogen content,
silicon nitrides with a substantial amount of hydrogeng .n as: HMD<® TDMAS.2° and Sif.29- n particular

. . -20 . ) ) . 3

(20-40 at.% in the form of Si-H and N-H bonds. the use of silicon—fluorine precursors such as,S&iF,, or

This hydrogen Iowe.rs the chemical and thermal stapility, andSizFG in combination with N and H,, proposed two decades
degrades the electrical properties of the films, causing Sevelgyo by Fuijita to obtain PECVD fluorinated silicon nitride

films at 350 °C3°~*3was demonstrated to have some advan-
dElectronic mail: alsono@servidor.unam.mx tages, such as the complete elimination of Si—H bonds from
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Gas TasLE |. Deposition parameters.
mnlets
\ ) . Parameter Value
Load lock d - S?lb?du‘ate Substrate temperaturéC) 250
chamber older PressurgmTorn 10
rf power (W) 550
Ar flow rate (sccm) 37
Foasiousasameuoon R S————=—— Arm NH3 flow rate (sccn’) 7
SiF, flow rate (sccm 1.5,35,7, 14

Hot plate

Fic. 1. Schematic diagram of the RPECVD system. The;dHd Ar gases (13.56 MH2 to the plasm.a. The turbomolecular-mechanical
are supplied from the top inlet line. The Sias is fed downstream through Vacuum-pump systertVarian of the chamber guarantees a
one dispersal ring. base pressure of 16 Torr. The system also has a load-lock
chamber that allows the deposition chamber to be kept in a
vacuum between runs.
the films and an improvement in their chemical and electrical For depositing the silicon—nitride films, Ntand Ar gases
stability. were fed into the plasma zone of the chamber from the top
In spite of this, some important questions on these fluoriend of the quartz tube. Meanwhile the $ifas was fed
nated silicon—nitride films, such as the dependence of comdownstream of the plasma by means of one dispersal(#ing
position, film microstructure, bonding configuration, stabil-in. in diametey that lay just a few centimeters over the sub-
ity, and electrical properties, with fluorine content, were nostrate holder. The flow rates of the gases, whose values ap-
studied further and no later reports on this approach ar@ear in Table I, were controlled automatically by means of
found in the literature. Recently ultrathin fluorinated silicon— MKS electronic mass-flow meters. The other growth param-
nitride gate-dielectric films have been prepared by electrorters were fixed at the values shown in the same table. In
cyclotron-resonance PECVD, at 350 °C using,S# a sili-  order to investigate the effect of the $ifH; flow ratio
con source ga¥ In that work it is shown that the control of (R=SiF,/NHj;) on the film properties, the only parameter
the fluorine concentration in the films, to less than 11.5 at. %that was Changed from run to run was theﬂﬁw rate(]__S’
is a key factor to obtain high quality materials at low tem-3.5, 7.0, and 14.0 scomFor making the structural, optical,
peratures. and composition analysis, silicon—nitride films of two differ-
However, there are no more reports on the use of &iF  ent thicknessegapproximately 90 and 400 nm thick, respec-
PECVD of silicon—nitride films, and it is worthwhile to tively) were deposited on one side of specular-polished, 350
study this matter further in order to point out its practical #m thick, n-type (100), 200 Q2cm resistivity, crystalline—
benefits, advantages, and limitations. silicon substrates. These substrates were cleaned prior to
In this work, we use different SjFNH; mixtures in an  deposition with semiconductor grade HF diluted in de-
inductively coupled RPECVD reactor in order to obtain flu- ionized water. For the fabrication of metal—-insulating—
orinated silicon nitride films at 250 °C. We also study thesemiconductoiMIS) structures, films of approximately 90
dependence of film deposition rate, composition, bondindgim were deposited on-type (100 single crystalline silicon
configuration, stability, and electrical properties on the fluo-Substrates with lower resistivit§0.1-2 ( cm), which were
rine content. No Si—H bonds evidence was found fromadditionally cleaned fO”OWing the Radio Corporation of
Fourier-transform infrare¢FTIR) spectra in the whole range America standard cleaning method. The deposition condi-
of film compositions explored. Films with fluorine content tions used in this work assured good film uniformity on sili-
up to 22 at.% show good electrical behavior and chemicag¢on wafers of 2 in. in diameter.
stability without any postdeposition treatment. The thickness and refractive index of the films were mea-
suredex situby ellipsometric measurements, carried out by
means of a null single-wavelengt632.8 nm Gaertner L117
Il. EXPERIMENT ellipsometer. Chemical-bonds analysis was performed using
Our deposition system, schematically shown in Fig. 1,a FTIR Nicolet 210 spectrophotometer, operated in the range
was home designed and manufactured by the company M\6f 400—4000 cm?, with a 4 cmi'! resolution. The fluorine
Systems Inc.(Colorado, USA. Our system consists of a content in the SiN:F films was measured by resonant
vacuum-deposition chambef26 500 cni total volumé nuclear-reaction analysiERNRA) employing the particle-
which contains a boron—nitride hot plate, coupled to a progamma reaction*®F(p,«y)*%0 at a resonance energy of
portional and integral differential temperature controller and340.5 ke\?® The relative concentration for Si, N, and F in
capable to rise substrate temperatures from ambient up the film was obtained using Rutherford backscattering spec-
700 °C. The top part of the chamber consists of a quartz tubtometry (RBS) with 0.7 MeV *He" ions. The ion beam
4 in. in diameter and 20 cm in height. This tube is sur-impinged at normal incidence on the target and backscattered
rounded by a water-cooled copper coil, which is responsiblgarticles at 177° were detected by an annular surface-barrier
for the power transfer from the radio frequengy) source detector. Those two ion-beam analysis techniques were per-
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Fic. 2. Growth rate vs gas flow rati®= SiF, /NH;. Fic. 3. Infrared absorption spectra of fluorinated silicon-nitride films as a
function of R=SiF,/NH;. The inset shows in a close up, that a hump
appeargaround 830 crm?) in the main absorption peak &increases.

formed using the 0.7 MeV Van de Graaff accelerator at the

Instituto de Fsica, UNAM. Several runs per value Bfwere

performed in order to check reproducibility. and 1210 cm?, which are related to stretching and bending
In order to perform electrical Characterizaﬁon, N—H bonds, respectively, and whose intensities decrease as

AlSIN, :F/Si/(In-Ga) MIS structures were constructed with R increases. As can be seen from the spectra of Fig. 3, there

200-nm-thick aluminum dot$0.013 cnf in ared, which  are no absorption peaks related to Si—H bo(®i50-2250

were thermally evaporated on SiNF surfaces. The back- ¢m 4),”>**~**which indicates that, if they exist, the amount

ohmic contact was manually applied from an In-Ga eutecticiS beL%\iVQ FTIR detectable leve(~0.5%-1% for thick

No thermal anneal was made after the construction of th&lms).”~"*“The absorption band that occurs in the IR spectra

MIS capacitors. Current—voltage characteristics were asdetween 430 and 525 cihcould be attributed ta-Si atom

sessed at 0.5 \fé with the aid of a Ke|th|ey 230 Vo|tage breathing Vibration§.7’39However, this feature can also have

source and a Keithley 485 picoammeter controlled througl@® contribution of Si—N breathing mode vibratiof#80—-490

the general purpose interface bus via software. cm 1).%4* Anyway, the behavior of this absorption band
with the changes iR is neither clear nor reliable because the
. RESULTS spectra in this region were too noisy before smoothing and

these spectra had base lines with different slopes.
Because there were no Si—H bonds found in the films, the
Figure 2 shows the deposition rate of the films as a funchydrogen content was calculated by integrating the N-H
tion of the Sif/NH, flow-rate ratioR=SiF,/NH5. It must  Stretching absorption peak, using the formula
be pointed out that the deposition rate, defined as the ratio of a(v)
film thickness to deposition time, was similar for both thin CH=AJ dv, D
(~90 nm and thick(~400 nm films. It can be seen from v
Fig. 2 that the deposition rate increases linearlyRam-  wherea is the absorption coefficient amdlis a proportion-
creases. No saturation effect in the deposition rate was olality factor equal to 2.8 16°° cm™2 for N—H bonds'® Al-
served in the range of the SiFlow rates investigated. though this equation gives the absolute H concentration in
In Fig. 3 the infrared absorption smoothed spectra of filmshe films (cm™3), using the RBS data for the atom density it
(~400 nm thick deposited under the different SiFlow  was possible to convert this concentration into the relative
rates are shown. All the spectra show a major and broatlydrogen atomic percentage concentrations shown in Fig.
absorption band centered at approximately 914 tmhich ~ 4.%° It was found that the H percentage concentration de-
can be associated to stretching vibrations of Si—N bonds icreases from around 20 to 9 at. %R#creases from 0.2 to
fluorinated silicon nitride films%33 In the close-up of the 2.0.
spectra(see inset of Fig. B it is seen that this band broadens  The atomic concentration of F, Si, and N incorporated in
and a small hump appears around 830 tmsR increases. the films were obtained from RBS measurements. The Si/N
The bonding configuration of fluorine atoms cannot be idenratio obtained from RBS measurements, as a functidi &
tified easily from these infraredlR) spectra because the plotted in Fig. 4. Taking into account the error bars, this ratio
three absorption peaks associated to vibrations of S(xF is nearly constant (Si/N1) for R=0.25-1.0 and increases
=1,2-3,4) bonds, which occur around 828, 930, and 1118lightly (Si/N~1.2) asR=2.0. Considering that the ratio
cm™?, respectively’®’ as well as the absorption peak asso-Si/N in our films is larger than that for the stoichiometric
ciated to N—F bonds occurring at 1032 ¢hi® are practi- nitride, SN, (Si/N=0.75), all of them can be defined as
cally veiled by the broad Si—N absorption peak. Each specsilicon rich nitrides. From the RBS measurements we did not
trum of Fig. 3 also shows some absorption features at 338fnd any evidence of bulk oxygen in the films. On the other

A. Deposition rate and film composition

J. Vac. Sci. Technol. A, Vol. 22, No. 3, May /Jun 2004



573 Fandin o et al.: Composition, structural, and electrical properties 573

1.6 20 T T T T 26
% 1.2 I/’I Lv
= S A L 191 V—
o081 11 Ty {24

28 x &

g 1.8

. o ot s 122 §
X 7 é > -
® - g171 W z
g 161 ¢ B I 2

12 T T T T T T T T T T ‘B 8

o 16 {20

20+ 64
I 161 *\i —a&— Refractive index
°\c: —— Density
® 124 \5\ 15 : . . 18

8+ 00 05 1.0 15 20
00 02 04 06 08 10 12 14 16 1.8 20 22 R
R Fic. 6. Refractive index and density of films as a functiorRof

Fic. 4. Si/N ratio(A), at. % F(O), and at. % H(H) as a function oR for
fluorinated silicon nitride films deposited by RPECVD from SiRNH;/Ar
mixtures.
film thickness measurementprovided by ellipsometric in-
strumentatioptogether with RBS data were used in order to

hand, the fluorine concentrations determined from RBS werebtain information about film densities. Figure 6 also shows
in perfect agreement with those values obtained by means @fie effect ofR variations on the density of the films. Simi-
RNRA. The concentration of fluorine atoms incorporated inlarly to the behavior of the refractive index, there is only a
the SiN, :F films as a function oR, determined from RNRA  slight decrease in the densiirom 2.5 to 2.4 gr crﬁ of the
and RBS, is also shown in Fig. 4. As expected, fluorine confiims asR increases in the whole range studied.
tent increases d8rises, and in this case it ranges between 17
and 24 at. % which is higher than the values previously re-
ported in the literature for SiNF films?262734The RNRA _ _
spectra from which the fluorine content in the films was meaC- Electrical properties
sured are shown in Fig. 5. From the flatness of these experi- Figure 7 shows the typical current—voltage characteristics
mental curves in the region between 345 and 370 keV it issf MIS structures incorporating SiNF films deposited un-
concluded that the fluorine distribution is nearly uniform in der the various investigated valuesrRfThe leakage current
all the films. It is interesting to note from Flg 4 that the sumdensities for Samp|es prepared wiRl=0.2 and 0.5 are quite
%F+%H is nearly constar({B6%-33% for all the values of  |ow (below 1x 10~ 7 Alcm?), including for electric fields as
R, which suggests that these elements are mutually excludefligh as 6 MV/cm. For the sample prepared Wik 1.0 the
leakage current increases in approximately one order of mag-
nitude and the sample prepared Wk 2.0 suffers a drastic

The behavior of refractive indices of the deposited filmsj,crease in the leakage currefmore than three orders of
as a function oR is illustrated in Fig. 6. It can be observed magnitudg. In spite of the degradation in the leakage current

films are (in general lower than those for stoichiometric

silicon—nitride films ©=2.0) and they decrease slightly
(from 1.71 to 1.6Y asR increases from 0.2 to 2.0. Accurate

B. Refractive index and density
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Fic. 7. Current density—electric field characteristics for MIS structures fab-
Fic. 5. RNR spectra from which the fluorine content in the silicon nitride ricated with fluorinated silicon nitride films deposited at 250 °C with differ-
films was measured, as a functionRf entR
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fields higher than 8.5 MV/cm. However, as Table Il showsTasLE II. Strengths of some chemical bonds.
there was no clear trend in the breakdown field as a functioréond

1

of R Energy(kcal mol™*) Reference
N-F 733 50

Si-H 747, 71.51 50, 51

IV. DISCUSSION N—H 85.9, 81.0 50, 51
. ' . Si-N 1123 51

Q. [ngposmo? process, film composition, and Si_F 129.0, 131.9 50, 51
onding configuration H—F 135.8 50

The behavior of the deposition rate shown in Fig. 2 can be
explained by the growth models generally accepted for the
RPECVD process of silicon compountfs*64’According to
these models, in our specific case, it can be assumed that thetwork is well expected. Thus it is plausible that the solid
growth raterp of the SiN,:F films correlates directly with deposit be formed by combinative bonding of multibonded
the gas-phase density of the nitrogen spefissly]* (y  units such as F-SN-H, K,—Si-N-H, h—Si-N-H,, etc.
=0,1,2) generated from the excitation of the Nk the  giving rise to the composition denoted by $ilR,H. Based
plasma zone, and also with the concentration of silicon speon the parallel reaction pathway given by E8), it is also
cies [SiF,] (z=0, 1, 2, 3) produced downstream of the Possible the formation of fluorinated silicon—silicon bonds
plasma. Under this scheme, the formation of the silicon nisuch as F-Si—Si—F, etc. Finally, the composition of the re-
tride films can be understood in terms of the overall reactiorsulting film will be determined by the type of radicals gen-
N ) ) i erated in the RPECVD process, the rate of production and
([NH3])* +[SiF]—[NH,]+[SiF]—a-SiNc:FH, (2)  concentration of these radicals, and the relative chemical re-
where the asterisk denotes that the \g&s is plasma ex- action rates among them.
cited, and SiF,] is the concentration of SjFadicals gener- Although the previous simplified model cannot explain
ated downstream of the plasma by the impact of the, NHcompletely the composition of the films, besides explaining
plasma-excited species with the Sifnolecules. At this the incorporation of fluorine and hydrogen in the silicon—
point, it must be clarified that for the sake of simplicity flu- nitride films, it is consistent with most of our experimental
orinated silicon—nitride films are usually denoted as,SP  results and tendencies observed. For example, the presence
however, sometimes they are denoted as in the (Bg. of N—H bonds in the films is clearly evidenced in all the IR
SiN, :F,H, in order to explicit the fact that they may contain spectra of Fig. 3. The increase in the amount of F incorpo-
an important amount of hydrogen. rated in the films and the fact that the films become silicon
Since the Ar metastables and electrgaad possibly en- richer asRincreasessee Figs. 4 and)5can be explained on
ergetic Ar iong generated in the plasma zone move down-the basis of this model. If the film grows from additive reac-
stream, and can excite and break the,Sifolecules, it is tions among the NH(y<3) and Sik (z<4) radicals, it is
possible to have additional parallel reactions between silicoglear that asR=SiF,/NHj; increases, there will be a larger
fluorine radicals such as concentration of Sifradicals than NH radicals for film
. . . N deposition, and consequently more silicon and fluorine at-
([Ar]+[eD* +[SiFy] —[SiF,] +[SiF,]—a-SiF, ®) oms, in comparison with nitrogen and hydrogen atoms, will
(z,w=0, 1, 2, 3) which can give rise to the formation of an be incorporated into the film. This can also explain the de-
amorphous fluorinated-silicon constituent in the film. crease in the concentration of N—H bondsRascreases and
Since in our RPECVD processes all the deposition paramwhy the sum of %H %H remains nearly constafgee Figs.
eters were kept constant, except the,Sibw rate, and the 3 and 4.
amount of reactive SiFspecies must be proportional to this  The presence of Si—F bonds cannot be easily evidenced
flow rate, it is expected that the deposition rate increase linfrom the IR spectra because the absorption peaks associated
early with the flow rate of the SiFprecursor(see Fig. 2  to these bonds are veiled by the broad Si—N absorption peak,
The relatively low deposition rate of these fluorinated siliconhowever, the appearance of the small hump at around 830
nitride films, compared with those films deposited from SiH cm ! asR increasegsee inset of Fig. 8 seems to be indica-
and NH; or NF;,%°~2"among other things, can be attributed tive of their existence, since this wavelength corresponds to
to the high energy required for dissociation of Sifto neu-  vibrations of Si—F bonds.

tral SiF, radicals(minimum threshold energy-10.8 eV}, * Additionally, the assumption that the SiNF,H films
compared to that required for dissociation of giHto neu-  grow from reactions among radicals having Si—F and N-H
tral SiH, radicals(minimum threshold energy-8 eV).*° native bonds, along with the fact that the bonding energy of

The formation of the SiN:F,H compound can be ex- Si—H is lower than that of N—H, Si—N, and Si«&ee Table
plained in terms of radical addition reactions among thg, NH I1), makes less probable the incorporation of Si—H bonds in
(y<3) and Sik (z<4) radicals, which form Si—N bonds the films262":3033This explains the fact that Si—H bonds do
that give rise to a solid deposit and gaseous byproducts sugiot appear in any of the IR spectfat least up to the FTIR
as F, B, H, HF, etc. Since fluorine and hydrogen atomsdetection limit,~1%). Since the bonding energy of N—F is
come naturally bonded to the SiFand NH; precursors, re- even lower than that of Si—kkee Table I), based on similar
spectively, the remaining of Si—F and N—H bonds in the filmarguments, the incorporation of N—F bonds in the films is

J. Vac. Sci. Technol. A, Vol. 22, No. 3, May /Jun 2004
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less probable. On the other hand because the H-F bonds dest hypothesis is consistent with the low density found in
thermodynamically more stable than the Si—F and N—Hour films (see Fig. 6. On this premise, the small changes in
bonds(see Table ), it is probable that F and H atoms be the refractive index of our fluorinated silicon nitride films
removed from their parent radicals (Si&nd NH), and join  (see Fig. 6 can be explained as a result of the combination
each other to form volatile HF. We believed that this mutualof two opposite effects. One of these is the increment in the
F and H abstraction mechanisms enhances the formation eéfractive index, produced by the increase in the Si/N ratio as
Si—N bonds. a consequence of increasing the rafos SiF,/NH;. This
The fact that the Si/N ratio in the films changes mucheffect is similar to that occurring for films deposited from the
more slowly (from 1.0 to 1.23 than the Sif/NH; ratio  SiH,/NH; mixtures. The opposite effect is the reduction in
(from 0.2 to 2.0 in the feed gases is not well understood atthe refractive index due to the higher incorporation of fluo-
present. However, the explanation could be related to theine atoms in the films, aR increases. Thus, the quasicom-
hlgh thermochemical Stablllty or lower reaCtiVity of the $|F pensa‘[ion of these opposite eﬁects] with a S||ght predomina-
molecules compared with that of the Nirholecules. On the  tion of the latter, can give rise to the small decrease in the
other hand, in our RPECVD process the Nahd Ar gases, refractive index shown in Fig. 6. In consistence with the
whose flow rates were constant, are dissociated and excitgffevious discussion, some authors have been able to increase
in the plasma region, meanwhile the $iE fed downstream  the refractive index of fluorinated silicon nitride films to get
of the plasma and therefore it is basically dissociated by, es equal to that of the stoichiometric matef@l0), or
encounters with Nk radicals and Ar metastables coming gyen highex2.5), using SiH /N, /NF; plasma®2”In order
from the plasma region. Thus, it is expected that the incoryg gchieve this, they use very low flow rates of ;\Br high
poration of silicon in the films be little sensitive to changesSi|_|4/,\”:3 ratio) to reduce the fluorine content and to in-

in the SiF flow rate. crease the Si/N ratio. However, under these conditions hy-
drogen is incorporated in the film network in the form of
B. Refractive index and density Si—H bonds, in concentrations high enough to be clearly de-

tected in the IR spectra.

As Fig. 6 shows, we found low values and near- The behavior of film density as a function Bfobserved

insensitive behaviofa very small decreasén the refractive in Fig. 6 can be explained as follows. The densities of our

index of our films asR changed by one order of magnitude. _. .
These results are in agreement with the values and behavi%c)IImS (between 2.4 and 2.5 g/cinare lower than the density

o . ) 3
of refractive indices reported for fluorinated silicon—nitride O¥ the st0|ch!ometr|c §N4_mater|al(3.1 gem ) Hovv_ever,
films deposited from fluorinated-silicon sources (S#nd these de'nS|.t|es are con?r%stent anq (?ven slightly higher than
SiFR,).2%3133However, they are in contrast with those resultsthat of SiN:H (2.38 gler) and SiN:F (2.2-2.42 glery
reported for hydrogenated silicon nitride films deposited bym_ms’ wh|ch-were plasma ‘.’ep°sz'§ed from SMH3. and
PECVD from the SiH/NH; mixturesi®2"25 In the latter S|H4{NF3 mixtures, respectivelf?’ The r_eductlop in the
cases the refractive index can be considerably vaffiean ~ density of both hydrogenated and fluorinated films, com-
1.8 to 2.5 because it depends basically of the Si/N ratio ofParéd with that of the stoichiometric material is well ex-
the film. So, for these silicon nitride films an increase in theP€Cted, if it is assumed that each hydrogen or fluorine atom
SiH,/NHj ratio above a certain value produces silicon rich€Nters in the ideal N, network as a terminal Si—H, N-H,
compositions (Si/N1) which give rise to high refractive ©' Si—F bond, separating the SiNetrahedra originally
index values, closer to that of hydrogenated amorphous silioined by Si—N bonds. The separation of the gior SiN;F
con(3.4).5% In the case of fluorinated silicon nitride films, the tetrahedra tends to open the structure, which produces the
refractive index not only depends on the Si/N ratio, but alsg?onsequent reduction in the film density. On the other hand,
on the fluorine content. The low values of refractive indexif SOme remaining Si dangling bonds link with each other to
obtained for fluorinated silicon nitrides have been attributedorm Si—Si bonds, there will be an additional density reduc-
to the incorporation of fluorin@2"%33Although the rea- tion, because the Si-Si bond length2.34 A) is larger than
sons for this reduction have not been well studied vet, it cashe original Si-N bond length~1.87 A).>* The small reduc-

be speculated that they are similar to that for the lower retion found in the density of our films & increases can be
fractive index of fluorinated SiQfilms2"%3The hypotheses again explained in terms of opposite effects that almost can-
adapted to silicon nitride films are the following) fluorine  cel each other. In one effect, for the reasons described previ-
incorporation(probably in the form of Si—F bondlseduces ously, asR increases the incorporation of Si—F tends to de-
the electronic polarizability of the silicon nitride matrix be- crease the density of the films. However, the incorporation of
cause the electronegativity of fluorine is higher than that ofSi—F produces also an opposite effect that tends to increase
Si and N atoms(2) fluorine abstracts and reducesd even the density of the films, because the Si—F bond length
eliminate the concentration of more polarizable constituents(~1.54 A)>* is lower than the Si—-N bond length and the
such as Si—H, and consequently lowers or eliminate this conmass of F is higher than the mass of N. Additionally the
tribution to the refractive index, an@) fluorine incorpora- reduction in the amount of N—H bonds that occurs wken
tion leads to a less dense film because the Si—F bonds anecreases favors the joining of SjNetrahedra though the
terminal and separate the fundamental Sibtrahedral that formation of Si—N bonds, which also produce an incremental
form the ideal SjN, network. It is worth mentioning that the increase in film density.
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TasLE Ill. Breakdown fields as a function d® for MIS structures incorpo-  gmount of Si—Si bonds, relative to the amount of Si—N
rating fluorinated silicon—nitride films deposited at 250 °C. bonds, asR increases, means that the insulating electrical

R Eq (MVcem ™) properties of the fluorinated silicon nitride films tend to have
Py pys a electrical behavior more similar to that of theSi:F semi-

05 99 conductor.

1.0 9.6

2.0 85 D. Chemical stability

After being exposed to the ambient humidity at room tem-

perature, the chemical stability of our SiN:F films was stud-

C. Electrical properties ied through measurements of the refractive index and FTIR
It has been commonly observed that Si-rich silicon—SPectra. After exposure to ambient for a period of 3 months,

nitride films deposited from SiffNH, mixtures exhibit high ~ there was no oxidation effect observed in the samples nor a
leakage currents when used as gate insuldtoFhe reason change in any of the parameters measured in any sample.
for these poor electrical properties has been attributed nothis allows to conclude that all the films are stable when
only to the low values of the N/Si ratios, but also to the €xposed to the ambient environment. The stability of our
presence of hydrogen in the films, in the form of weak Si—HSamples, in spite of the high fluorine concentratidretween
bonds. This becomes the main limitation for expanding thel7 and 24 at.% confirms that these fluorinated silicon—
applications in microelectronic devices. However, fhes E nitride films do not contain weak Si—H bonds, and that fluo-
plots of our MIS capacitors shown in Fig. 7 reveal relativein€ atoms are probably incorporated in the films, forming
low values of current densities and high breakdown fieldsStrong Si—F bonds in the monofluoride configuration.

when R remains below 2. This finding means that under

these conditions, our films, in spite of being silicon rich V. CONCLUSIONS

(Si/N ratios as high as 1.05have good electrical integrity. Fluorinated silicon—nitride films (SiNF) were prepared

We believe that our films have more flexibility in the Si/N L |5\ temperaturé250 °Q by RPECVD using mixtures of
ratios because they do not have Si—H bonds, and instead th@ﬂ:4 and NH;, and the effect of the ratio of these gasBs

have stronger Si—F bonds. The fact that the better electric:—lin the physical and chemical properties of the films has been

properties correspond to films with high H concentrations iNayamined. It was found tha has a little effect on the re-

the form of N—H k_)onds rel_nforce_the criteria th_at N__H bondst »ctive index and density of the films, but large variations
are not responsible for insulating degradation in ,SM  {,o place these films’ deposition rate, composition, and
films. - . electrical properties wheR varied from 0.2 to 2. Analysis of
Eoole—FrgnkeﬂP—F) emission has bgen establlshgd as t_hq:TlR spectra performed on as-deposited films in the whole
main bullk.-l|m|_ted electron CO”dUCF'O” mechamsm n composition range allows us to conclude that all these films
silicon—nitride insulators.In order to investigate whether are free of Si—H bonds. In spite of the fact that fluorinated
this is the dom'”g”‘ mephanlsm present in our films, We,pIOt'siIicon—nitride films that were plasma deposited from this
ted InQ/E) vs EY2 for high electric fields(close to electric chemistry have high fluorine concentratiois’—24 at. %,
breakdown. The linearity of the I¥/E) vs E** plots for high as indicated by RNRA and RBS analysis, these films show
electric fields(close to electric breakdowrand the values of good chemical stability and high resistance to oxidation un-

the dynamic permittivitiegwhich are close to 5.5 in all the der exposure to the ambient moisture. The chemical stability,

case$ that we obtained from these plots, indicate that P_Falong with the compositional analysis data, suggest that the

em|shs,|orj could be th.? main pu_l(l;-lu;:lted elecrt]ron-condgcélonﬂuorine incorporation in these films occurs by substituting
mechanism in our st |cc_)n—n|tr| e films. In this case, 't, asnitrogen atoms in the silicon—nitride network. That is to say,
been proposed in the literature that the cause of the incregyme si_N ponds are substituted for stronger Si—F bonds.
ment n the Iﬁakage currgnt hOf_ S};HCOI’] E't”f(_jle films is the. All the MIS capacitors constructed with these fluorinated
r_edu5%t|on in the P—F barrier height as the films become S{jjioon_nitride films meet quite well the low-temperature
rich.”>We believe that fluorine incorporation in the film net- . .ossing requirement for microelectronics and show break-
work contributes to enhance the barrier height because fluQyy .1 fields above 8 MV cit. Films deposited WithR<2

rine incorporation serves as a passivating agent against rap, e leakage current densities lower than10 8 Alcm?
centers generated by Si dangling bonds. Also, the absence of '

Si—H bonds, which are commonly found in PECVD silicon

nitride films deposited from SilH eliminates a great amount ACKNOWLEDGMENTS
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