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Infrared studies of hydrogenated amorphous carbon(a-C:H) and its alloys (a-C:H,N,F)
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We have used infraredlR) absorption spectra to characteriaeC:H and its alloys(a-C:H,N,P. The
samples were deposited in an rf plasma-enhanced chemical-vapor deposition system with various mixtures of
CH,, N,, and NF, gases. IR spectra are analyzed in detail and the peak position assignments are based on the
data published in the literature and calculation of the normal mode vibrational frequencies by assuming a
simple force field and linear-molecular model. From IR analysis, we found that as the concentration of nitrogen
and fluorine increases, the ratio xat)zlsp3 increases, while the hydrogen content decreases. The role of
nitrogen is to break the symmetry and activate the olefirie@stretching mode. The role of fluorine is to
replace hydrogen and to form stronger-€ bond. This explained the improvement of the thermal stability of
electrical conductivity ofa-C:H,N,F samples/S0163-18207)04119-2

I. INTRODUCTION interesting property of the doped films was that they showed

Hydrogenated amorphous carbarC:H films are of sci- thermal stability up to 4_00 _C annealing temperature. The
indoped polymerlikea-C:H films were converted to gra-

entific interest because of their unusual structure and propeph. ic fi 200 °C i We h
ties. a-C:H films exhibit extreme hardness, chemical inert-P itic films at annealing temperature. We have per-

ness, optical transparency, good thermal conductivity, anfprmed detailed.infrared.abso.rption meagurements to under-
good electrical insulation. These unique properties mak&t@nd the bonding configurations of various bonds and to
a-C:H films ideal candidates for many applications, such adinderstand the possible role of nitrogen and fluorine in these
wear-resistant protective coatings for tools, as optical coat!loys.
ings, as protective coatings against corrosion, and as pla-
narization layers for device fabricatidn.

Doping of a-C:H films makes this material even more Il. EXPERIMENT
interesting. The effects of doping with boron, phosphorus, . '
lithium, fluorine, and nitrogen have been studied by various 1 n€ deposition o&-C:H, a-C:H,N anda-C:H,N,F films
groups2 Although light-emitting diodes based upon Was performeq in a parallel-plate, capacitively coupled,
a-C:H active layers have already been reali2€dhe quan- 13-56 MHz Reinberg-type reactéFexas Instruments Model
tum efficiency of these devices is very low because the dopA24C). An extensive discussion qf the deposmop .procedure
ing procedure has not been studied in detail. Recently, thBas been reported elsewhérBetails of the deposition con-
effects of doping with nitrogen and fluorine on the growth ditions are summarized in Table I.
and electrical properties @-C:H have been extensively in-  Films grown on crystalline silicon and crystalline silicon
vestigated by Sreenivas and co-workefsThey prepared coated with titanium tungstefliw) were used for Fourier
polymerlike a-C:H films with an optical gap of 3.1 eV and transform infraredFTIR) transmission and reflection mea-
above 50% hydrogen. Doping of these films with nitrogensurements, respectively. The IR absorption spectra of the
and fluorine increased the refractive index, lowered the bullsamples were recorded in a nitrogen ambient using a Perkin-
resistivity, and lowered the optical band ga&bThe most Elmer FTIR spectrometer.

TABLE |. Processing parameters used to fabria€ H films and its alloys. Experimental conditions:
deposition powefRF), 100 W (28 mW/crf); deposition frequencyRF), 13.56 MHz; deposition tempera-
ture, 100 °C; deposition time, up to 4 h; total gas pressure, 2 Torr. SCCM denotes cubic centimeter per
minute at STP.

Gas flow rateSCCM)

Deposition
Sample Thicknes§A) CH, N, NF; rate (A/min)
A 4000 200 19
B 4000 100 40 15
C 4000 200 200 20 22
D 4000 200 20 27
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FIG. 1. Comparison of FTIR spectra of samplsB, C, and FIG. 2. IR absorption spectra around 3300 cnfor samples

D. The spectra are offset vertically for clarity. B, C, andD.
IIl. RESULTS AND DISCUSSION B. Band around 3000 cntt
The comparison of IR absorption afC:H films A-D in The absorption peaks around 3000 ¢mare due to CH

the range 500—4000 cm is shown in Fig. 1. For clarity, the stretching mode¥’ The integrated absorbances of this band
spectra are offset vertically. These spectra were taken in r&san be used to estimate the hydrogen concentration in the
flection mode. film. It has been showh that the concentration of the oscil-
From the IR spectra, some major features can be identiating species is proportional to the integrated absorbances of
fied. The broad band around 3300 chis due to the Ni  the absorption band, i.e.,
stretching modé&.The absorption peaks around 3000¢m
are due to CH stretching mod¥Their corresponding bend- a(w)
ing modes are observed around 1400 émFor nitrogen- NH:AJ —, de (1)
and fluorine-doped samples, another feature around

—1 P —11
2200 cm * shows up. This is the CN related moffe. where N, is the hydrogen atomic concentratiod, is the

Also a band around 1500-1750cfn is observed for proportionality factor, andr(w) is the absorption coefficient
nitrogen- and fluorine-doped samples. In the lowest-energy; frequency w. For a-C:H films, A is chosen to be

region, _only_th(_)se samples containing fluorine show strong 35121 2 from the work of Muiet alX3 The calcu-
apsorptlon, indicating that they are C-F related modes. Del'ated hydrogen concentrations of samplesD are listed in
tailed and analyses are as follows. Table Il. Since oum-C:H film contains very high hydrogen
A Broad band around 3300 et con(_:entration, it is _polymerlike in nature. The incorporation

' of nitrogen or fluorine into the film decreases the hydrogen

This band is due to the Ntbtretching? As expected, the concentration.

IR spectrum of sampld, which does not contain nitrogen,is ~ The CH band consists of three peaks. The peak at
flat in this region. This band appears only whepidladded 2956 cnm® is due to sp*-CH, (olefinic), the peak at
to the feed stock. Figure 2 shows the comparison of th€920 cm! is due to thesp*-CH, asymmetrical stretching
absorption spectra of samplBs C, andD. The absorption mode, and the peak at 2870 Chis due to thesp*-CH;
spectrum was obtained by fitting the base line of the transsymmetrical stretching mod8&As can be seen in Fig. 1, the
mission spectruninot shown and then converting the trans- peak heights of these modes change with deposition condi-
mission spectrum to absorption spectrum using the Beettions. To analyze the peak height change of these three peaks
Lambert law. The transmission spectra were used in thign more detail, we fitted the 3000 cth band with three
region, because in the reflection spectra, it is difficult to fitGaussians. The peak positions and the area percentages cal-
the base lines for sampl€sandD in this region(see Fig. 1.~ culated from the integrated absorbance are listed in Table II.
As can be seen from Fig. 2, the absorption spectra obtaindd Table II, we have also listed the optical band gaps of these
from the transmission spectra are very noisy. So for the othefilms obtained from optical absorption measurements using
regions, only the reflection spectra were used to obtain atthe Tauc equatioft*
sorption spectra. SampR shows very weak absorption in From this table it can be seen that the percentagepbf
3300-cm ! region and sampl€ has the strongest absorp- species increases from 20.9% for fillnto 44.2% for film
tion. Because this band is well identified, a comparison oD. It is well known that hydrogen incorporation in carbon
the absolute intensities of sampBs C, andD can be used films favorssp® bonding by etching p? species® As shown
to identify the NH, deformation band in the 1500—-1750- in Table I, the effect of nitrogen is to decrease the deposition
cm ! region, because the existence of many possible modesgte. The reason is that the deposition ofea@H film in-
in this region makes the analysis difficult. volves predominantly CkHand CH* species arriving at the
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TABLE Il. Summary of band gap, hydrogen contents, apd andsp? percentages of samplds B,

C, andD.
H sp® CH, sp® CH, sp? CH,
Eq content (sym) (asym) (ole.)

Sample (eV) (%) (cm™1) % (cm™h) % (cm™1) %
A 3.1 73.8 2863 0.7 37.1 2926:0.6 42.0 2955 0.5 20.9
B 2.9 67.3 2865 0.6 32.9 2919 0.7 374 2954 0.6 29.7
C 2.8 63.2 2876 0.5 28.9 2924 0.6 40.2 2958 0.7 30.9
D 2.6 57.4 2873 0.6 30.9 292%# 0.5 24.9 2958 0.5 44.2

substrate surface. When the total deposition pressure is heident is consistent with those groups. However, this is the
constant at 2 Torr, introduction of Nn the feed stock results first identification of F—~N=—C=N— mode ina-C:H,N,F

in the dilution of CH radicals. Furthermore, when hydrogen film.
is present,sp? content is increased because the hydrogen
reacts with nitrogen and forms an amino group. The forma-
tion of nitrile (C=N) groups is also favored over the forma-

tion of sp® species. Therefore, the addition of nitrogen to As for the band in the 1500—1750 crh region, all
methane causes an increase in $fp8/sp® ratio. The addi- samples except filmA have this band, indicating it to be
tion of NF; to the feed stock increases the deposition rateénitrogen related. In this region, nitrogen-activated C-C
considerably. This is believed to be due to the reduction omodes and C-N-related modes can be present. So we fitted
activated hydrogen species by forming HF with the fluorinethis region with four Gaussians with peaks at 15%(

ions (F). Therefore, there is less atomic hydrogen to etchl583+ 1, 1646+8, and 16945 cm '. Figure 4 shows the

the graphitic carbon clusters. Thus the ratiospf/sp’ in- fitted curves for sampleB, C, andD. We assigned the peak
creases. Since the optical band gap depends primarily on the
sp?/sp° ratio® a decrease in the band gap from samples

D. Band in the 1500-1750 cnT'! region

A-D is expectedsee Table I\ 150F (a) B
C. Band near 2200 cm'* 100 -
The band near 2200 cm also depends upon the deposi- 50 ‘
tion conditions. We observed twdor sampleB) or three 0 [ R

(for samplesC andD) peaks in the 2150—2300 crhrange.
When the film is deposited from pure Gkhere is no feature
in this region. When Blis added to the precursor gas, two

2150 2170 2190 2210 2230 2250 2270

peaks at 2180 and 2240 c¢rhshow up indicating they are 150 p (b) ¢
the CN-related modes. When N5 added to the precursor [

gases CH, (and N,), another peak at 2210 crh appears 100 3

between these two peaks, suggesting that it is fluorine re- 50 3

lated. To get the exact peak positions, we fitted this band [

with two Gaussians for sample and three Gaussians for 0 e

sampleLC andD. The peak positions obtained from the best 2150 2170 2190 2210 2230 2250 2270
fit are 2182-5, 22113, and 22386 cm 1. The fitted

- 1
) Abs. coeff.(cm™) Abs.coeff.(cm™)

curves for sample8®, C, andD are shown in Fig. 3. We :

assume a simple valence force field and linear-molecular g 150 3 © b
model to calculate the vibrational frequencies of various 8/ [

possible compositions of molecul¥s.If we assume the & 100 3

force constantsFc.c=4.5mdyn A, F—_y=17.5mdyn A, S 3

Fc_n=11.7 mdyn A" andF_=4.85 mdyn A then the © S0¢

calculated in-phase stretching frequencies of molecules 8 ot . S L -
—C—C=N, —N=C=N—, and F—N=C=N— are < 2150 2170 2190 2210 2230 2250 2270

2240, 2175, and 2200 cm, respectively. Comparing with
the observed values, we assigned the 2238'cpeak to the
stretching frequency of triple bondedC=N attached to the FIG. 3. IR absorption spectra and their fitted curves for the band
carbon network, the 2182 cm peak to —N=C=N—  pear 2200 cr’. The solid lines are fitted curves and the dotted
stretch, and the 2211 ¢ peak to fluorine attached to |ines are raw spectraa) for sample B, the peak positions are at
—N=C=N—. The peaks at 2238 and 2182chhave 2188 and 2237 cri: (b) for sampleC, the peak positions are at
been observed previously by several groups in amorphousl80, 2209, and 2238 cm; (c) for sampleD, the peak positions
carbon doped with hydrogen and nitrogeti}! Our assign-  are at 2182, 2211, and 2238 ch

Wave number (cm-l)
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FIG. 4. IR absorption spectra and their fitted curves for the band . o
in the 14901740 cm" region. The solid lines are fitted curves and FIG. 5. IR absorption spectra and their fitted curves for the band

the dotted lines are raw spect(@ For sampleB, the peak posi- in the 1000.—1240 cmt region. The solid lines are fitted curves qnd
tions are at 1528, 1583, 1639, and 1689 ¢m(b) for sampleC, the dotted lines are raw spect(@ For sampleC, the peak posi-
the peak positions are at 1521, 1583, 1654, and 1694'cifc) for t!ons are at 1090 and 1164 th (b) for sampleD, the peak posi-
sample Dl, the peak positions are at 1531, 1582, 1644, andions are at 1093 and 1161 ch

1698 cm *.

_ : bands show up, indicating that they are C-F or N-F related
1 .
at 1694 cm * to C=N stretch. Usually €N stretching fre- 0o Tha hand at 1100 chican be fitted with two Gaus-

H 9
quency occurs in the range 16501680 ¢ When one sians with peaks at 1090 and 1161 cinrespectively. Their
or more NH groups are attached to the carbon atom of thﬁtted curves are shown in Fig. 5. Bellafystates that in

C=N link, the frequencies appear to be slightly higher than . . ;
usual?’ The peak at 1646 ciit can be attributed to the ole- simple molecules the presence of a single fluorine atom at-

finic C—C stretch?® This peak becomes IR active because Oftached to carbon usually results in the appearance of a mod-
symmetry breaking by nitrogen dopind. erately intense absorption in the 1000—1100 émegion.

Most primary amines have a NHeformation band in the This.frequenc_y ;hifts to hig_her_ wave number w?th further
1590-1650 cm® regionl’ We assign the peak at fluorine ;ubstltuuon and §pl|t§ into two peaks arising from
1583 cmt to the NH, deformation modé’ The absolute symmetric and asymmetric vibrations. We believe that the
intensity of this peak decreases in the order of samples Peaks at 1090 and 1161 crhresulted from the asymmetric
D, andB. This is consistent with the analysis of the NH and symmetric stretch of bent gFrespectively. We calcu-
stretching mode. The aromatig? C-C stretch also occurs in lated a force constanEc_=5.94mdyn A and an angle
this region (1575 cm').'® However, we believe that the 77.3° between tw€€—F bonds. The asymmetric and sym-
peak at 1583 cm’ is not due to aromatisp? C-C stretch for  metric stretching frequencies for bent CHsted in the
the following reason. If the 1583 cm band was from aro- literaturé* are 1114 and 1225 ct, respectively. The cal-
matic sp? C-C stretch, one should observe the aromaticculated force constant and bond angle are
sp? CH stretch at 3050 cit. The peak at 3050 ciit is not  F._p=5.94 mdyn A andv=81.1°. It can be seen that there
present in our spectra. So the assignment of the peak & less than a 4° difference imbetween these two cases. The
1583 cm* to aromaticsp? C-C stretch is unlikely. How- distortion of the bond angle is possible because of the envi-
ever, the possibility of its presence in small concentrationtonment around Cfand the amorphous nature of the carbon
cannot be excluded. The assignment of the peak &fim. The band at 960 ci is due to the bent NFasymmet-
1527 cm * is not clear. It might be due to CNH bendiffglt  fic stretch? The band at 730 ciit is probably from a C-F
also follows the trend of Nkideformation. deformation modé? Comparing sample€ andD, one can
see that the absorption of C-F related peaks for sa@pke
much smaller than that of samp®. This can be attributed

This region has no peaks for films and B. However, to the nitrogen dilution of the precursor gases for sample
when NF; is added to CH (films C andD), three absorption C.

E. Bands in the 500-1250 cni?* region
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In the previous studies of these films on thermal stabilitycarbon films. It was found from the analysis of the CH
of electrical conductivity, it was found thata-C:H film stretching mode in the 3000 crh region that as the concen-
(sampleA) was thermally unstable above 200 °C. Incorpora-tration of nitrogen and fluorine increases, the ratio of
tion of fluorine and nitrogen im-C:H (sampleD) makes the sp?/sp’ increases, while the hydrogen concentration de-
film thermally stable up to 400 °C. From the analysis of IR creases. When Ns incorporated into carbon films, olefinic
spectra, we believed that the improvement of thermal stabilc=C stretching mode becomes IR active due to symmetry
ity is probably due to the replacement of weakly bonded C-Horeaking. When NFis introduced in the precursor gas, C-F

in a-C:H by strong bonded C-F ia-C:H,N,F film. related modes show strong absorption indicating significant
amount of fluorine incorporation in the carbon film, thus sta-
V. CONCLUSIONS bilizing the thermal stability of electrical conductivity.

We have studied the IR absorption @fC:H and its al-
loys. IR spectra are analyzed in detail and the peak position
assignments are based on the data published in the literature
and calculation of the normal mode vibrational frequencies We would like to thank Mark Holtz and Tim Dallas for
by assuming a simple force field and linear-molecular modelmany helpful discussions. This work was supported in part
We assigned the absorption peak at 2211 tro in-phase by the Texas Advanced Technology Program under Contract
stretching mode of F=N=C=N. We also examined the No. 003644-181, Texas Instruments, and the National Sci-
effects of nitrogen and fluorine on the composition of theence Foundation under Contract No. Ecs-95-22129.
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