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The fluorine concentration of fluorinated amorphous cartze€(F) thin films with a low dielectric
constant was controlled using magnetron sputtering with hydrogen gas dilution iptgaSFThe
structural, optical and defect properties of these films were investigated by inftRjeabsorption,

x-ray photoelectron spectroscopy, ultraviolet visual spectroscopy and electron spin resonance as
well as dielectric constant measurements. IR absorption spectra of the films with various fluorine
concentrations prepared by hydrogen gas dilution showed no vibration modes between hydrogen
and carbon atoms in CH, GHand CH configurations, suggesting that the hydrogen concentration

of these films is less than a few at. %. Furthermore, the structural properties change at a fluorine
concentration of approximately 50 at. %. However, the dielectric constant of 2.5 that is required for
the interlayer materials for the next generation of ultralarge scale integrated devices remains
unchanged at this fluorine concentration. Based on these results, the thermal stability af @1€se

films is discussed briefly. €999 American Institute of Physids$S0021-897€09)08417-Q

I. INTRODUCTION ity is reportedly a reduction in the average coordination num-

The demand for improvements in the switching perfor-P€": -6, the reduction of a cross-linked structtiel®-?|n
mance of ultralarge scale integratddLSI) devices has led 2ddition, it has been reported that the bond strength of the
to an increased need for materials with a low dielectric conCFs @and Ch bonding configurations against thermal anneal-
stant because the parasitic capacitance of the interconnelfd is weaker than that of the CF bonding configuration.
tions causes a delay in switching performance. For exampld,Dis result is consistent with the proposed model that the
since the dielectric constant of fluorine-doped silicon oxidePOor thermal stability is due to a reduction in the average
(SiOP films is lower than that of Si@films 2 e.g., around ~coordination number, since an increase in the @kd Ch
3.5 for a SiOF film in which the fluorine concentration is Ponding configurations causes a reduction in the average co-
approximately 15 at. %these films are candidates for inter- ordination number. Therefor@-C:F films with a fluorine
layer dielectrics. However, the dielectric constant of the in-concentration of approximately of 67 at. % have poor ther-
terlayer materials for the next generation of ULSI devicesmal stability, despite the fact that these films have a low
must be less than approximately 2.6 addition, SiOF fims  hydrogen concentration.
have poor reliability in humid conditions. Recent reports in-  The reduction in the average coordination number seems
dicate that fluorinated amorphous carb@a@:F) films have to be caused by the incorporation of fluorine and hydrogen
a relatively low dielectric constafit e.g., 2.1 fora-C:F  because hydrogen as well as fluorine atoms incorporated in
films deposited by conventional rf plasma chemical vapotthe film network terminate the carbon bonds. This indicates
deposition(CVD)* and 2.3 for those deposited by helicon- that an increase in the average coordination number, i.e., an
wave plasma CVD. Since then, many investigations on increase in the dimension of the film network, is required in
a-C:F films have been carried ot We prepareca-C:F  order to improve the thermal stability of these films without
films with a fluorine concentration of approximately 67 at. % increasing the dielectric constant. In other words, it is neces-
(Ref. 9 and a dielectric constant of 2(Ref. 10 by plasma  sary to reduce the fluorine concentratioraiC:F films with-
CVD using carbon tetrafluoride (GFand methane (CHl  out increasing the dielectric constant and without increasing
gases aR=0.97, whereRiis the ratio of the Cfflow rate to  the hydrogen concentration. However, since plasma CVD
the total flow rate. HOWeVer, these films have relatively poorusing Only CE results in no film deposition, CHgaS is
thermal stability, e.g., the dielectric constant increases anghixed with the CK gas. This implies that hydrogen atoms
the film th}ckness decreases after annealing at aroungre incorporated inta-C:F films deposited by plasma CVD.
300-350 °C:° One of the origins of the poor thermal stabil- For examplea-C:F films with high fluorine concentrations
prepared by plasma CVD have low hydrogen concentrations,
dElectronic mail: yokomiti@pu-toyama.ac.jp whereas films with relatively low fluorine concentrations

0021-8979/99/86(5)/2468/5/$15.00 2468 © 1999 American Institute of Physics



J. Appl. Phys., Vol. 86, No. 5, 1 September 1999 H. Yokomichi and A. Masuda 2469

have high hydrogen concentratioh. Furthermore, infrared 70 - - - - - -

(IR) spectra obtained faa-C:F films prepared using plasma o

CVD with hydrogen gas dilution into GFjas showed larger =60[ ]

vibration modes due to carbon and hydrogen bonded as CH, 2 o

CH,, and CH. In addition, the deposition rate fa-C:F sl o © 1

films prepared using plasma CVD with hydrogen gas dilu- 2

tion into CF, is smaller than that foe-C:F films prepared g

using plasma CVD with CFand CH, gases. Therefore, in gAa0r ]

this study, we examined the preparationaeC:F films with é

low fluorine concentration, low hydrogen concentration and w30 F .

low dielectric constant using magnetron sputtering with hy-

drogen gas dilution into Gfgas. 20 . . . . . .
04 05 06 07 08 09 10

Il. EXPERIMENT CF/(CF,+H,)

Samp_les were prepared by magnetro_n s_putt_ering With &G, 1. Fluorine concentration @f-C:F films prepared by magnetron sput-
90 mm diameter graphite target in,igas dilution into CE  tering as a function of the ratio of Gfgas flow rate to total gas flow rate.

gas, in which the ratio of the GFyas flow rate to total gas The line is a guide for the eye.
flow rate,r, r =[ CF,]/{[CF,]+[H,]} was varied while the

total gas flow rate was kept constant at 2 sccm. Single-. ) ] )
crystalline Si, Corning 7059 glass and Si€ubstrates were [ImS prepared by magnetron sputtering showed vibration

fixed on the 80 mm diameter water cooled substrate holdefnodes due to £-C having a FC—=C< bonding configura-

CF, and H, gases were introduced into the chamber througtion located at around 1720 crhand a HC=CF bonding

: ; =113
separate gas lines and sputtering was performed at an fPnfiguration located at around 1860%+rﬁm Furthermore,
power of 100 W(power density of 0.14 W/cfand with a  the IR bands located at around 1720 cntend to show a
gas pressure of 2 mTorr. Electron spin resondf&SR mea- doublet structure in which an additional peak appear at
surements were carried out at room temperature at a fre-
qguency of 9.2 GHz using a standard microwave power of 1

mW and a standard magnetic field modulation of 3.2 G. S FC=C< anior HCC< @
X-ray photoelectron spectroscogXPS spectra were ob- v g r=05 37at%
served using an A « x-ray anode operating at 10 kV and e
12 mA. The dielectric constant and optical band gap were h! \Y 4 r=07 S0at%
determined by the capacitance—volta@e-V) characteris-

tics at 1 MHz and by a Tauc plot, respectively. Thermal h! Y £ r=09 54at%

FC=C<
Y JFCCF r =10 64at%

annealing was performed in a vacuum of approximately
10 °Torr for 1 h ateach temperatur€00 and 300 °C

Absorption Coefficient (rel. units)

I1l. RESULTS AND DISCUSSION cxg Fo=ce R=097 67at%
The fluorine concentration cdi-C:F films prepared by N M
magnetron sputtering was estimated by XPS and is shown in 1550 5000 2000 9300

Fig. 1 as a function of, wherer is the ratio of Clz flow rate

to the total flow rate. The fluorine concentration decreases
with decreasing, i.e., with an increase in Jgas flow rate.
This can be attributed to the fact that the fluorine-related
species generated by decomposition of, @folecules de-
creases as a result of the combination of atomic hydrogen
species and fluorine-related species. IR spectra obtained for
a-C:F films prepared at various valuesradre shown in Fig.

Wavenumber (cm™)

T T
HFC=C< and/or H,C=C<

Absorbance

r=05 . 37 at%

: . . 1500 1600 1700 1800 1900 2000
2(a) and are compared with those obtained #€C:F films Wavenumber (cm™!)

prepared by plasma CVD with a Grnd CFK gas mixture.
The intensity of each spectrum in Figa2is normalized by FIG. 2. (& IR spectra ofa-C:F films prepared by magnetron sputtering in
the film thickness. Fluorine-related vibration modes decreasgPmparison with that of a film prepared by plasma CVD with, @Rd CH,

. . . gases aR=0.97, whereR is the ratio of CE flow rate to the total flow rate.
with decreasmg. Here, note that all the IR spectra obtained The deconvoluted lines are shown with dotted curves on the spectrum for

for films prepared by sputtering showed no vibration modesne r=1.0 fim. Arrows (i), (i), and (iii) indicate the Ck (sym), CF,
for carbon and hydrogen atoms in CH, Hand CH con-  (asym) and CF modes, respectively,&=C<, F,C=CF, and HFE=C<
figurations, despite the fact that Igas was used. This result and/or HC=C< modes are also indicated by arrows. Fluorine concentra-

: : s~ - tions estimated by XPS are shown on the right hand sideA typical
suggests that the fluorine concentratiorahC:F films with deconvolution pattern for £—-C< and HFG-C< andlor HC—C<

low hyd_mgen ConFe_nt can be controlled USing_SpUttering Withhodes. The deconvoluted lines are shown with dotted curves on the spec-
H, dilution. In addition, all the IR spectra obtained B#C:F  trum for ther =0.5 film.
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obo o i ' ' ] changes at a fluorine concentration of approximately 50

T CFy(sym.) at.%. In other words, the dimension of the film network
0.8 | -4~ CFy(asym.) o ] decreases when the fluorine concentration exceeds approxi-
o6k , %’ 1 mately 50 at. %. Therefore, this fluorine concentration may
' /’%\ o correspond to the percolation threshold. In addition, the IR
0.4 g/» \gg//ﬁ ] signal intensity due to the,E=C< bonding configuration
02 obtained fora-C:F films prepared by sputtering remained
“1 ] unchanged with respect to the fluorine concentration and
0.0 s s - it those due to the HFE-C< and/or HC=C< bonding con-
et AP figurations obtained for these films increased as the fluorine
0.005% B ] concentration was decreased. In particular, it may be impor-
°~°(§?2*0 e e e tant that the IR spectra due to the HEC< and/or
0a [ O FCCS O Fo=CF A HFC=CZ H,C=C< bonding configurations are observed f@C:F
“lo T films prepared by sputtering in order to investigate the hy-
0.1ro o gﬁ . drogen concentration in the films and the role of hydrogen

0.0 ﬁ e S PRI for thermal stability. Nevertheless, we believe that the hydro-
35 40 45 50 55 60 65 70 gen concentrations of theseC:F films are lower than those
F Concentration (at.%) . .
of films prepared by plasma CVD with GRnd CH, gases
FIG. 3. Intensity of the CE CF, (sym), CF, (asym), CF, RC—C<, because the vibration modes between carbon and hydrogen
H,C=C<, and RC=CF modes observed in IR spectra @C:F fims  atoms in CH, CH, and CH configurations are not observed
pret;partedd t;)y ;‘sg“itrzon_ ?p”“_e””?t;s é‘zfg’rtioré/(’f E"JF"'&S;O”CZ“W"“O% the films prepared by sputtering. The fact that the oscilla-
:fe”:g(fploi/ted. T'he iﬁtg‘ngirtljlz)yf gachqmode isanr:Jrrﬁralized by film?hiisknesgor strength f0r14CH is much larger than that for HEC<
without taking into account the oscillator strength. The lines are guides fo@Nd HC=C<,™" and the fact that the oscillator strength for
the eye. CH, and CH; is expected to be larger than or nearly equal to
that for HFGC=C< and H,C=C<, support this interpreta-
tion. Furthermore, the results showing that an increase in
around 1650 cm?, with a decrease in. This result suggests HFC=C< and/or HC=C< concentration with decreasing
that the HFE=C< and/or HC=C< bonding configurations fluorine concentration as well as the approximately constant
appear with increasing +bas flow ratgdecreasing), since  concentration in the J£&=C< bonding configuration with
the IR bands due to HEEC< and HC=C< reportedly  respect to fluorine concentration suggest that theCbond-
appear at around 1650 and 1600 Cmrespectively* De-  ing configuration fora-C:F films prepared by sputtering in-
convolution of the IR spectra was carried out in order tocreases with decreasing fluorine concentration. Since the IR
investigate the structural properties of the network. The CFsignal intensity due to Je=C< obtained for films prepared
group (=1, 2, and 3, F,C=CF and HFG=C< and/or by sputtering was larger than that obtained for films prepared
H,C=C< were deconvoluted by Lorentzian line and a typi- by plasma CVDa-C:F films prepared by sputtering contain
cal deconvolution pattern for the GRroup is indicated by many CG=C bonds, i.e., a large graphite region, compared to
the dotted lines(i), (i), and(iii), in Fig. 2a). On the other those prepared by plasma CVD.
hand, an asymmetric line was used for the deconvolution of The dielectric constant obtained for films prepared by
F,C=C< as shown in Fig. @), since the line shape due to sputtering as a function of the fluorine concentration is
F,C—=C< seems to be asymmetrit. The asymmetric line shown in Fig. 4. The dielectric constant of films after anneal-
was created by a combination of two Lorentzian lines. ing at 300 °C is shown by triangles and the fluorine concen-
The results of the deconvolution are shown in Fig. 3 as dration after annealing is shown in parentheses. The dielectric
function of the fluorine concentration, where each intensity isconstant obtained foa-C:F films, including those prepared
normalized by the film thickness without considering the os-by plasma CVD with Cand CH, gases aR=0.97, where
cillator strength. The error bars in this figure are primarilyR is the ratio of the Clrflow rate to the total flow rat&°
due to uncertain film thicknesses, since the film thicknesseseems to change in a similar manner with respect to the
varied depending on the position of the substrate holder. ThBuorine concentration. Here, it is worth noting that no
film thickness was at its maximum value at the center of thechange in the dielectric constant was observed for variations
substrate holder and decreased with increasing the distange the fluorine concentration at around 50 at. %, e.g., the
from the center. In fact, the film thickness had its maximumdielectric constant was approximately 2.5. It is important to
value within a radius of approximately 20 mm from the cen-investigate this behavior of the dielectric constant to improve
ter and 60%—30% of the maximum at a distance of approxithermal stability since the dimensions of the film structure
mately 30 mm from the center. The CF bonding configuraincrease below a fluorine concentration of approximately 50
tion was dominant, and no Gbonding configuration was at. %, indicating an increase in the cross-linked structure be-
observed below a fluorine concentration of approximately 50ow this concentration. In fact, the thermal stability of the
at %. However, the Cfbonding configuration became domi- film with a fluorine concentration of approximately 50 at. %
nant and the Cfbonding configuration appeared when thewas improved compared with that of the film with a fluorine
fluorine concentration exceeded approximately 50 at%concentration of approximately 67 at. %, as shown in Fig. 4,
These results suggest that the film structure of the networke., small changes in the dielectric constant and the fluorine
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FIG. 4. Dielectric constant ad-C:F films prepared by magnetron sputtering % 3010 '/// 12.003
compared with those prepared by plasma CVD with, @kd CH, gases as g///
a function of fluorine concentration estimated by XPS. The dielectric con- Lo
stant and the fluorine concentration of films after annealing at 300 °C are 20
shown by triangles and in parentheses, respectively. The line is a guide for
theeye. 10 PEPETEETN DYSTErET EFETETrI AV ETAr i BT ST AN B AT A RS S 2002
35 40 45 S50 55 60 65 70

F Concentration (at.%)

FIG. 5. Dangling bond densitg value, and peak-to-peak linewidihH,,
concentration after annealing at 300 °C are observed for th%f a-C:F films prepared by magnetron sputtering as a function of fluorine
. . . . . concentration estimated by XPS. The lines are guides for the eye.
film with a fluorine concentration of approximately 50 at. %.
However, the changes in the dielectric constant of the film
with a fluorine concentration of 65 at. % prepared by sput-
tering is comparable to that of the film with a fluorine €oN- |/ CONCLUSIONS
centration of 67 at. % prepared by plasma CVD, suggesting

that the thermal stability of tha-C:F film prepared by sput- In summary, low hydrogen content fluorinated amor-
tering is similar to that of the film prepared by plasma CVD. phous carbond-C:F) thin films with various fluorine con-
Since the graphite structure is weaker than the diamondentrations and with a low dielectric constant were prepared
structure with respect to thermal annealing, further inVESti-using magnetron sputtering with hydrogen gas dilution into
gation into the effects of the ,E=C<, HFC=C<, CF,gas. In particular, the dielectric constant of an as-grown
H,C=C<, and RC=CF bonding configurations on thermal a-C:F film with a fluorine concentration of approximately 50
stability is needed in order to prepare more stadl€.:F  at. % and that of the film after annealing at 300 °C were
films with a low dielectric constant. approximately 2.5. This is the value required for the inter-
Figure 5 shows the dangling bond densityvalue, and  |ayer materials for the next generation of ULSI devices. The
peak-to-peak linewidth obtained by ESR measurements asdructure of the film network changed when the fluorine con-
function of the fluorine concentration. The dangling bondcentration fell below approximately 50 at. %:; that is, the di
density and the linewidth increased with increasing fluorine
concentration. These results are similar to those obtained for
a-C:F films prepared by plasma CVD and can be explained
in the same way!° That is, the increase in the dangling 3 R e Ra AR
bond density is due to the larger atomic diameter of fluorine,
and the increase in the line width is due to the hyperfine o
interaction between fluorine nuclei and the dangling bond.
An increase in the dangling bond density with an increase in
the fluorine concentration indicates that it is necessary to
reduce the fluorine concentration without increasing the di-
electric constant. Furthermore, the optical band gap obtained
for films by sputtering increases with an increase in the fluo-
rine concentration as shown in Fig. 6, suggesting that this
increase is due to bonding of carbon and fluorine. This is

Optical Band Gap (eV)
=N

quite natural since the strength of the bond between carbon 0 . - . ) .
and fluorine is larger than that of the bond between two 35 40 45 50 55 60 65 70
carbon atoms. Furthermore, an increase in the optical band F Concentration (at.%)

gap results in an increase in thevalue with increasing fluo- FIG. 6. Optical band gap estimated by Tauc ploaeC:F films prepared by

rine concentration, as shown in Fig. 5, since band states I'€iagnetron sputtering as a function of fluorine concentration estimated by

lated to the optical band gap influence thealue®*° XPS. The line is a guide for the eye.
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