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Fluorinated amorphous carboma-C:F) films were deposited by radio frequency bias assisted
microwave plasma electron cyclotron resonance chemical vapor deposition with tetrafluoromethane
(CF,) and acetylene (£H,) as precursors. The deposition process was performed at two flow ratios
R=0.90 andR=0.97, whereR=CF,/(CF,+ C,H,). The samples were annealed at 300 °C for 30
min. in a N, atmosphere. Both Fourier transform infrared and electron spectroscopy for chemical
analyzer were used to characterize teC:F film chemical bond and fluorine concentration,
respectively. A high resolution electron energy loss spectrometer was applied to detect the electronic
structure. The higher GHlow ratio (R=0.97) produced morsp® linear structure, and it made the
a-C:F film smoother and softer. A lifetime of around 0.34 and an energy gap ef2.75 eV were
observed in both the as-deposited and after annealing conditions. The short carriers lifetime in the
a-C:F film made the photoluminescence peak blueshift. The annealing changed both the structure
and composition of thea-C:F film. The type of fluorocarbon bond and electronic structure
characterized the mechanical and physical properties ©fF film. © 2004 American Institute of
Physics. [DOI: 10.1063/1.1755849

I. INTRODUCTION well. The microwave plasma ECR-CVD system described in
this article was used to produce reactive chemical species,
Future semiconductor devices in integrated circuits willand the rf bias assisted the precursor to impinge on the sub-
soon be developed into a size as small as Y. There-  strate, resulting in the deposition of the film. BothHG and
fore, a lower dielectric material should be used to lessen theF, were the precursors used for the synthesis ofati@:F
degree ofRC delay’? Conventional low dielectridlow k) films. The GH, gas has a high C/H ratio, and could contrib-
materials, like fluorinated silicate glass, methyl silsesquioxute enough carbon source to support a film network to in-
ane, black diamond, etc., will not be able to meet the requireerease the deposition rateThe CF, gas has a high F/C ratio
ments of the future semiconductor devices. The new kow enough to supply sufficient fluorocarbons to raise the con-
materials need to be electrically insulating and to have a lowentration of fluorine in thea-C:F film. The CF plasma
dielectric constant, chemical inertness, low moisture absorpecontains mainly C§ ions, F neutrals, GFradicals, and
tion, high thermal stability, high mechanical strength, andnegative ion species. Fluorine atoms control not only the
good adhesion to the neighboring layers. Recer@hC:F  concentration of CF radicals through the gas-phase reac-
films deposited at room temperature by plasma-assistegons but also the surface reactiofisl’
chemical-vapor-deposition (CVD) showed promising In this article, we report on the chemical and physical
results'®**?Hence, thea-C:F films have been considered properties of the fluorinated amorphous carbon film prepared
as one potential candidate for intermetal dielectric materialpy ECR-CVD, at two CE flow ratios R=0.90 andR
applied in the next generation ultra-large scale integration=0.97, whereR is CF,/[CF,+C,H,]. This is to compare
devices®™’ the difference between the as-deposited film and the film
The a-C:F film with a low dielectric constant of about after annealing at 300 °C for 30 min. For this purpose we
1.5-2.0 can be deposited by various methods of plasmaised the analytical instruments as follows: Fourier transform
based chemical vapor deposititr! The microwave plasma  infrared absorption spectrophotometgTIR), electron spec-
electron cyclotron resonance chemical vapor depositiorroscopy for chemical analyz€ESCA), high resolution elec-
(ECR-CVD) is one of the most promising deposition meth- tron energy loss spectrome@REELS), electron spin reso-
ods for producing the-C:F films, because the ECR-CVD nance spectrometéEPR), photoluminescence spectrometer
can generate a high density as well as a relatively large arg®L), ultraviolet/visible spectrophotometeiJV/VI), field
of plasma. In addition, the depositing films have a fine suremission scanning electron microscdp&SEM, pulse laser
face planarity, good gap-filling capability, and uniformity as spectrometer and atomic force microscdp&M). The sp?
content and the fluorine concentration would affect the pho-

dAuthor to whom correspondence should be addressed; electronic maitplumin_escencg Iifetim(_e, as well as energy band gap Of_ the
hcshih@mse.nthu.edu.tw a-C:F films. With the rise of the temperature, the dangling
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bond density increases, resulting from the growing number$ABLE I. Primary electron collisions.
of unpaired spins in the defects in the films.

Apparent
Product Process potential(eV)

Il. EXPERIMENT H* e +CoHy—H +H+Cy+ 26" 20.8

Both CF, and GH, gases were mixed as precursors to THIPHECHYCh2e 228
deposita-C:F films onp-type Si wafers by ECR-CVD. The ¢+ e +CHy—C* +2H+C+2e" 24.5
plasma was produced by mixing both microwa&2et5 GH2 CH* €™ +C,H,—CH' + CH+2e~ 222
and radio frequenc{13.56 MH32. The working pressure was C; e +CyH,—Cj +2H+2e” 23.8
fixed at 20 mtorr. Microwave power and rf bias were fixed at —C; +H,+2e”
600 W and—200 V, respectively. The £, flow rate was CH* e 4+ CoHos CoH* + Ht 26 13'2
varied from 3 to 10 sccm while GFlow rate was fixed at C2H+ o4 CH CoHY + 26 11.2
100 scem. The plasma chemistry was examined, by the opc eqézzH;_fC;HJrH 73
tical emission spectroscop¥DES, the Model ST121 from e +CHj —Cy+2H —32
Princeton Instrument Inc. The-C:F films were annealed in e +C,Hj —2CH -3.1
a pure nitrogen atmosphere at 300 °C. The film thickness wa§sHi CH*+CszH03H*++ Ha 229
measured by Hitachi 5000 type FESEM. The film morphol- Mz CH' + CoHy— CohH +H 21-3/
ogy was observed with a Digital Instrument NS3a controller &2 CfﬁicéH'fCéHH:’JrHH 1?'3822'5
at a D3100 stage AFM while the hardness was measured by* 2 i Y 11.07
a Nano Scope E Hysitron 35 from Digital Instruments. The Cg+ CF +CFy o CF + 2F 5.08
chemical bonds of the films were identified by FTIR and cf; CF'+CF,—CF} +CF, 0.3
ESCA. The ESCA spectra were collected with an ESCA CF: + CF,—CF} + CF;—CF; + F+CF; 6.2
spectrometer using a Mg K x-ray anode operating at 400 W C'+CR—CF; +CF —-178
and 15 kV. A Gatan GIF 2000 HREELS was used to quantify e *CE—’CFFLF ‘g-;
the mass ofsp? in the films. The dangling bonds of the ot CFf;C(':: i}cfziiF _5:59
a-C:F films were measured by EPR. The fluorescence was ! !
measured by the PL apparatus using a helium-cadnifiler
Cd) laser(\=325 nm as the excitation source. The optical
band gap was characterized by UV/(HP 8453. An Exci- .
mer pulse laset\=193 nm) was used to evaluate photolu- The topography ofa-C:F films can be evaluated by
minescence lifetime. AFM. The surface roughnesgoot mean squajeof the

a-C:F films is less than 0.8 nm, which assists to mechanical

and electric applications. The relevant data is listed in Table
lll. RESULTS AND DISCUSSION Il. The higher flow ratio R=0.97) generates more linear
A. Plasma species and mechanical properties fluorocarbon bonds, which will be annihilated after anneal-

ing. In contrast, the crosslinking bonds will be increased as

The plasma composition depends on various chemicahg fiy ratio is reduced. Consequently, the hardness of the
pathways in the plasma, as well as the pla§ma parameters. ok fijms depend on the fluorine content and the thermal
such as electron temperature, electron density, gas flow rate,

and degree of ionization. To illustrate how these collisions
could result in the radical production, Table | shows a set of
reactions which is the possible sheath radical production in
the GH, and CR plasmat®~?1“8Figure 1 shows the optical c,
emission spectr@OES of the ECR- excited plasma. There
are G, C;, CK,, CH, F,, H,, and HF radical species, and
C,, F;, and HF ionic species in the plasnf.The G, : 2

radicals will construct the main skeleton of theC:F films,
while the fluorine atoms will be replaced by hydrocarbons to
form fluorocarbon bonds or HF bonds. Figure 2 shows the
CF and CFk species found in the plasma with the spectra at
wavelength range 200-300 nm. The, FF, , CF, CFk, and R=0.90
CF; radicals are both sinks and sourceat the same time
during the deposition of tha- C:F films. The spectrum of the
R=0.97 plasma has higher intensity than that of fRe R0.97
=0.90 plasma. Therefore, it is clearly differentiated by the — TR SRS PR N
deposition rates of 55.5 and 5.83 nm/min obtainedRat 200 300 400 500 600 700 800
=0.90 andR=0.97, respectively. In addition, the higher gas Wavelength (nm)

flow ratio will supply more fluorine and fluorocarbon radi- ) I~ Lo .

cals, which would etch the weaker bonds and form the strongilch'h;r'gg Zi'cé‘c',oewsjg‘;?;psgﬁ;;"ﬁ;ai‘ ‘ifd b'%f :,?g zcoﬁmn%ﬁdmg?se
gersp® fluorocarbon bonds in tha-C:F films. ECR-CVD.
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FIG. 2. Comparisons of the plasma optical emission spectrig$00.97 and

R=0.90. FIG. 3. FTIR spectroscopy of the-C:F film, (a) as-deposited a&R=0.97,

(b) after being annealed &=0.97, (c) as-deposited aR=0.90, (d) after
being annealed &= 0.90.
treatment. Therefore the higher CHow ratio (R=0.97)
produced moresp® linear structure, which made the C:F

films smoother and softer pared atR=0.90 are almost the same in both conditions:

as-deposited and after annealing. Hence the structure of the
) , R=0.90 film is more stable than the one preparedRat
B. Chemical bonding =0.97.
FTIR is a very powerful instrument to detect the chemi-

cal structure of thea-C:F film, and it can give information ¢, ESCA analysis

for films as thick as of~1 um. Figure 3 shows the FTIR ) ) )
spectroscopy of tha-C:F films prepared aR=0.97 andR ESCA is another powerful !nstrument. for detecting the
chemical structure of tha-C:F films, and is also a surface

=0.90. There are only fluorocarbon bonds present at the vi e It :
brational absorbance peaks, without any hydrocarbon bond€Ensitive _mstrument prowdmg t_he local chemical bonds of
on the spectrum. It indicates that all of the hydrogen atomé)nly_ the first~50 A of the thin film. The C 3% spectrum of
reacted with fluorine atoms during the plasma reactions, an@”C:F film could be deconvoluted into five Gaussian peaks
consequently resulted in HF species in the plasma. The atforresponding to Cf(293.2 eV, CF, (290.95 eV, CF
sorption peaks between carbon and fluorine in the FTIR art?88.8 eV, C_C_:FX (_286'5 eV, and C-C or ,C_H(284:9
summarized in Table 1#-27 The obvious difference be- €VY), as shown in Fig. 4. The absolute binding energies of

tweenR=0.97 and 0.90 is that tha-C:F films formed at CFs» CR, CF C-Ck and C_C_Jf” within the range, as
R=0.90 do not have GF980 cm * absorption peak. The listed in the published literatur&;**valuing from 292.6 to
major peaks of the-C:F film (R=0.97) are —CFCF, CF,, 294, 290.3 to 292,.287.8 to 289.3, 285.5 to 237.3, and 283.4
and G=CF stretches, whereas €Bnd G=CF stretches are to 285 eV, respectively. From the deconvolution of thesC 1
the main peaks of tha-C:F films (R=0.90). The peak in-
tensity of each as-depositedC:F film is stronger than that

) X ) TABLE Ill. Summary of FT-IR absorption peaks.
of each film after annealingat 300 °Q. Moreover, Fig. 3

shows that the intensity of the peaks for after annealingVave numbexcm™) Assignment
a-C:F films is Icivl/er th_an t.hat _of the as-deposited film from  gg5 CF, rocking
730 to 1350 cm-, which implies that there are plenty of 553 CF, bending
CF,, CF;, and CF-CEk bonds that will be broken in the film 635 CR, wagging
after annealing. However, the spectra of th€:F films pre- 328‘745 CCBF‘CE
1030 and 1070 CF

TABLE Il. Comparisons of the properties &=0.90 and 0.97 amorphous 1128_1350 gé; g;?éjrrrjletric stretch
fluorinated carbon films as-deposited and after being annealed at 300 °C. 1220 and 1450 Crasymmetric stretch

spP% Lifetime Eg Roughness Hardness ggg_iggg g;(li':z

% S e nm GP - 2

G0 w9 &V (nery (GPa 1340 CF stretch
R=0.90 after annealed 41.5 0.46 2.48 0.79 0.59 1608-1700 G-CF stretch
R=0.90 as-deposited 39.3 0.43 251 0.78 0.74 1700 C=C stretch
R=0.97 after annealed 32.4 0.36 2.68 0.47 0.35 1720 EC=C<
R=0.97 as-deposited 27.3 0.34 2.75 0.57 0.44 1860 FEC=CF
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) TABLE IV. ESCA chemical compositiorat. %) of the a-C:F films as-
R=0.97 as-deposited deposited and after being annealed at 300 °C.
CF,
Flow ratio C-C C-Ck C-R CF, CK; F%
3 R=0.97 6.3 20.9 253 329 145 574
8 (as-deposited
2> R=0.97 9.4 25.4 23.1 28.8 13.3 54.7
'Z» (after annealed
8 R=0.90 22.7 31.0 21.3 16.5 8.5 44.4
£ (as-deposited
R=0.90 375 27.6 19.3 10.8 4.8 35.6
(after annealed
e el oo aN PAS > .
1 N 1 N 1 N 1 L.
206 292 288 284 and after-annealed conditions. The peak areas for G+CF
Binding Energy (eV) CF, CRk, and Ck shrink with theR=0.90a-C:F film being

annealed, but the amount of the C—C peak area increases
relatively. The peak areas for CF, §Fand Ck decrease
when theR=0.97a-C:F film is annealed, but the C—C and
C—-CF, peak areas increase relatively. This is because the
a-C:F film will break a lot of weaker bonds in the-C:F

ilm, and release fluorocarbon molecules during annealing.
onsequently, the fluorine concentration will decrease after
the a-C:F film is annealed.

FIG. 4. Deconvoluted C4 spectrum ofa-C:F film atR=0.97 as-deposited
obtained by ESCA analysis.

spectrum, fluorine-to-carbon rati¢s/C) can easily be calcu-
lated by the integrated intensity of the various components o
the C 1s spectrunt® according to

FIC=(3lcpst2lcpat 1Pl 1s

where |nq is the photoemission intensityj.e., area under D. HREELS analysis
each Gaussian curyeriginating from a specific bond. Fig- The HREELS is the most reliable method for quantify-

ure 5 and Table IV show th_e results from the £spectrum ing thesp? bond fraction. Thea-C:F films often comprise a
deconvolution. The fluorine concentration of thR combination of two types of bondingp® andsp? type hy-
=0.97a-C:l_: film is h'ghir than th.at 9f th&zo.go film, bridizations. The bonding types can be analyzed by studying
gnd the main pea_k of thik=0.97a-C:F f|_Im IS the_C_:E bond  he K-shell electron-energy-los€EELS) spectrum of C &.

in both as-deposited and after annealing conditions. In conFigure 6 shows the HREELS spectra in the carboadge

trast to the Ck bond.of t.heR:0.9_7a—C:F.fiIm, the C_C'i region after the background is removed. The steep rise at
bond of theR=10.90 film is the main peak in the as-deposlted287 4 eV in the diamond spectrum of the 108% bonds

condition and the C-C bond is the main peak after anneals, o onds to the onset of the-1o* transitions, and the
ing. The mass of the C—C bond falls as the,Glew ratio

. h : he f he C peak position at about 285 eV corresponds to the dangling
r1S€s. W en we increase the flow raBothe Ch, concentra- 1y ,4q o the surface and/or to the defects in the crystal. The
tion will grow significantly. Evidently, the C4 deconvolu-

. ios in bothR— q il _ q ited graphite spectrum, which is 1008’ bonds structure,
tion varies in bothR=0.97 and 0.90 films in as-deposited g4 5 clear peak at 285 eV and a steep rise at 289.4 eV

40
E== R=0.90 as-deposited
EE2 R=0.90 annealed
R=0.97 as-deposited Diamond
R=0.97 annealed
30}
§ —
(4 \
P 7§ g Graphite
£ 20 N S
5 N ;
© A )
10 ﬂ§ S 5 a-C:F
Z§ § =0.97 as-deposited
N \
N
N N\
0 é§ & J§
CF% CF % A A L A i i A " A
¢ 280 285 290 295 300
FIG. 5. Deconvolution result of the-C:F film C1s spectrum forR Energy Loss (eV)

=0.97 andR=0.90 at as-deposited and after being annealed obtained by
ESCA analysis. FIG. 6. Comparisons of the HREELS spectra in the carkesdge region.
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19
L R=0.97 as-deposited §x10 o R=0.97 o
o R=0.90 e} .
5x10" R=0.97 fit line 0 /
_ o — — R=0.90 fit line 0z
2 E o 4
‘c 19 Vs
g < ax10” | o)
& 2 Z
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@ & 3x10”° ° 7 o
z T 7
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E, 19 © 4
S 1x10 m]
i 1 i 1 i 1 A
280 285 290 295 300 0
Energy Loss (eV — L
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FIG. 7. CarbonK-ionization edge spectra obtained froR=0.97 as- Temperature (K)
deposited. The fit obtained when using three Gaussian peaks centered at . ) .
285 287 and 293 eV. FIG. 8. Dangling bond density of tha-C:F films at R=0.97 andR

=0.90 as-deposited.

corresponding to the sk-~7* and to the onset of sk-o™ When comparing the mechanical properties, we find that
transitions, respectiveR*’ Thea-C:F film spectrum almost  the R=0.97 films are smoother and softer than Be 0.90
matches a diamondiike carbora-C or a-C:H) one®™®* fiims. Therefore we believe that thep® bonds in the film
Moreover, both the quormaSted amorphous carbon and diamust be in a linear form rather than in the network one found
mondlike carbon films arep® andsp” mixed structures. in the a-C:F films. With such large quantities sfp® bonds

The method for qualifying thep® bonding fraction in  in diamondlike films, the hardness is usually over 20
the a-C:F films from the electron-energy-loss spectra is de-gpg47-49

scribed by Bergeet al3® Here, the area under thest 7*

peak of thea-C:F film is normalized to a energy window, g pangling bond

referring to an equivalent ratio for graphite, which has . ) . ,

100%s p? bonding. The mathematical principle for quantify-  1he dangling bond defects, which give rise to states

ing the edge is to obtain a ratio of the two areas, one oftround the Fermi level, are |mportant |n.electron|c materlals

which is the standard, as shown in the following formula; @S they usually control the recombination of carriers. The

states can be either diamagnetic or paramagfitfibe den-

gl ((AE) 1) Sty of paramagnetic defects can be easily measured by EPR.
B Iy lg(AE) @ The range of dangling bond densities @fC:F films gltR

wheref is the ratio between the twa™ peaks,| .« is the ;(1)023 .an/d rﬁRf_O'gf Z;édip?_ls'ted IS ;belc.)l -5 ]

integral 5—* transition of graphite, ant(AE) is the in- spins/cr from 4 to - FIowever, after being nor

tegrated counts for normalizing the energy windows. Themahzed by the Curie’s law, the range of dangling bond den-

, : sities is~5.5x 10'-5.5x 10'° as shown in Fig. 8. The hop-
superscriptgy andu denote the graphite and unknown spec-~. . .
tra respectively ping rate of a dangling bond electron is lower at a low

Figure 7 shows the carbok-edge fiting of theR temperaturd® As the temperature rises, the unpaired spins
=0.97 as-deposited amorphous carbon films. There are thrWiII increase considerably due to the electron_ hoppi_ng _from
Gaussian peaks in the spectra which are centered at 285, ng,e _def.ethi Furthermore, numerous nanovoids exist in the
and 293 eV, and these peaks indicate teesIr* transition, a-C:F film.= These nanovoids are supposed to enhance dan-
the molecular transition and si>o* transitions gling bond density with the rise of temperature. The higher
res ective|f6‘39_41-rhe uar,1tit of thesp? bonds in the fluorine concentration has lower dangling bond density in the
a-Cp'F film éstimated acqcordiné to E6), is listed in Table a-C:F film, which means that the fluorine atoms and ions can
n T.he s p2 fraction decreases with an ’increasing4(IE)w easily react with the dangling bonds of the carbon frame

ratio. At a higher CE flow ratio, more fluorine atoms are during the CVD deposition. In addition, after annealing the

supplied, each of which in turn can be bonded with carbonf"l'C:F films, the leakage current at a higher flow ratio of

This reaction is similar to the H atom with its ability to a-CiF films would be less than that at a lower flow réifio.
stabilize the dangling bond in amorphous carbtni. is _ -

generally believed that the fluorine atom helps to the increasg' Optical characteristics

of the sp* bonding components in the-C:F film. Further- Thea-C:F film has a broadband luminescence character-
more, thesp® fraction decreases when theC:F film is an-  istic of an amorphous semiconductor with broad band tails.
nealed. Thesp® bonds of the diamondlike carbon belong to a Figure 9 shows PL spectra f&=0.97 andR=0.90a-C:F
metastable phagé;*°so the magnitude afp? bonds of the films in both as-deposited and after annealing conditions.
a-C:F film will be enlarged after annealing. The PL peak band is like rough Gaussian peak, and changes
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R=097 as-deposited band gap: so the optical band gap of the as-deposited
.‘.Tﬁfg'% a:ﬂ::'e:,ted a-C:F film is larger than the one after annealing. This is also
L R=090 cmenieg the reason why th&=0.97 film has less blueshift than the

R=0.90 film. The optical properties are closely correlated to
the amount of fluorine incorporated into the films. The in-
crease in the optical band gap energy indicates that the fluo-
rine incorporated into thea-C:F film has modified the
chemical structure of the film towards the higtsg® bond-
ing fraction®! These properties are similar to those of hydro-
genated amorphous carb&it?°3

Excimer pulse laser spectrometer was used to measure
the lifetime (7). The results are listed in Table Il. The photo-
luminescence lifetime is directly proportional to both fluo-
rine concentration angp’% for as-deposited films and after

Arbitrary counts

3.5 3.0 25 210 1.5 annealing. The lifetime is longer ia-C:F(10 ’s) than in
a-C:H(10°8s)>** but is much shorter than in
a-Si:H(10 2s).555" The short lifetime of carriers reduces
FIG. 9. PL spectra produced Bt=0.97 and aR=0.90 ofa-C:F films for ~ their energy relaxation into lower energy states and then in-

Photo Energy (eV)

both as-deposited and after being annealed at 300 °C. creases the average energy of carriers in the band tail*State.

The short photoluminescence lifetime causes a blueshift of
. . _ the lowest energy accessible to carriers for radiative recom-
with the CF, flow ratio. The PL peak site tends to be blue- pination in the band tail staf8.Therefore, we can observe

shifted as the fluorine concentration increases. It is also nahe pronounced blueshift of the PL peakanC:F film, be-
ticed that annealing helps to reduce the full width at ha'fcause of the short carrier lifetime.

maximum of the PL spectra. The broad spectrum results
from structural disorder of tha-C:F film. Fluorinated amor-
phous carbon films after the annealing treatment will beIV' CONCLUSIONS
structurally relaxed because the disappearance of electron- Thesp® bond ratio can be increased by the fluorine con-
hole pairs lower the probability of the radiative centration through an increase in the fluorocarbon flow ratio.
recombinatiorf! The higher fluorine concentration enhancesThe FTIR and ESCA results reveal that the structure of the
a higher sp® content in the film, so the as-deposit®  a-C:F films prepared at various GHow ratios are different.
=0.97 film tends to blueshifted. Furthermore, the result of EELS reveals that annealing the
The spectrophotometry of the UV/VI bands of teC:F  films can increase the carbon double bond structure in the
films is plotted in Fig. 10. The optical band gap listed in a-C:F films. The higher CFflow ratios produce morsp?
Table Il was determined by the Tauc moeSince the C—F linear structure, and make tha-C:F film smoother and
bond energy(102 kcal/molg is higher than the C—C bond softer. There is a lot of structural variation after annealing;
energy (80 kcal/molg, the greater number of fluorocarbon therefore, the electrical and optical properties of th€:F
bonds in thea-C:F film produced at higher GHlow ratios  films are different from these of the as-deposited films. The
gives rise to a higher optical band gap. In addition, tkeGC  higher fluorine concentration will promote a greater number
bonds or graphitelikesp® structures will lower the optical of fluorine carbon bonds in the film and therefore produce a
higher energy band gap. Furthermore, annealing will induce
the sp? structure in thea-C:F film, which will extend the

100 photoluminescence lifetime. The short carriers lifetime in the
a-C:F film makes PL peak blue-shift.
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