JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 2 15 JULY 2000
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The effect of nitrogen addition on the properties of tetrahedral amorphous cé@eb@hhas been
studied. The ta-C is deposited by a filtered cathodic vacuum arc. The effect of introducing nitrogen
on its plasma was measured by a retarding field analyzer and optical emission spectroscopy. The
ta-C:N films were studied as a function of nitrogen content, ion energy, and deposition temperature.
The incorporation of nitrogen was measured over the range of-100 at. % by secondary ion
mass spectrometry and elastic recoil detection analysis. The N content was found to vary slightly
sublinearly with the N partial pressure during deposition. A doping regime was found for N
contents of up to 0.4 at. %, in which the conductivity changes whiles iiecontent and the optical

band gap remain constant. For 0.4%—8% N,gh&fraction remains above 80% but the optical gap
closes due to a clustering sf? sites. Only above about 10% N, thg? fraction falls. The influence

of nitrogen on thea-C was found to be independent of ion energies between 20 and 220 eV.
Deposition above 200 °C causes a sudden losspdtbonding. Raman and optical gap data show
however that existing p? sites begin to cluster below this temperature. 2600 American Institute

of Physics[S0021-89780)00614-9

I. INTRODUCTION Similarly, is the reversion of C bonding &p? at higher N

ressures due to the deposition process or to the nature of

Amorphous carbon and amorphous carbon—nitroge —N bonding in the solid?

compounds have been of considerable interest in recent The third effect of nitrogen at pressures above
years. Thgy have 'four.1d applications as hard'coatlngs., o002 mbar in deposition systems is to create topological dis-
tools, bearings, optical instruments, and magnetic hard disks, . " . . ;

. . . 2 -order in graphitic bonding. This leads to the formation of
Amorphous carbon deposited using highly ionized energletl‘fullerene—like microstructuregonions’ or ‘leaks) in films
ion beams such as filtered cathodic vacuum @€VA),

; :13,14 ; ,16 _
mass selected ion beam deposition, or pulsed laser depositi&?pos'ted by sputtering,™or by the CthOd'C art}**gen .
can havesp® bonded fractions of 80%—90%. This material is erally at elevated temperatures. The films have a very high

often referred to as tetrahedrally bonded amorphous carbo‘?”aStIC recovery. ) )
(ta-O)% or, in the hydrogenated form as hydrogenated tetra- Ip this article We.fo.cus on relatively low congentrat!ons
hedral amorphous carbofta-C:H).2 These materials are of mtrogep and their mfluenge on Fa—C deposited with a
semiconductors with band gaps over 2 eV. FCVA. This extends our previous brlef.account of recently
The addition of nitrogen to amorphous carbon can havéresented worK by linking film properties to the plasma
three effects. First, small additions of nitrogen can dope ta-@roperties. ta-C has very diamond-like properties: up to
n type3° It was also found that about 0.1% N would im- 85% sp’ bonded carbon atoms, high hardndss to 80
prove the field emission properties of tetrahedral amorphou$Pa. a resistivity of up to 18(€ cm)~* and a band gap of
(ta-0).” Hence, nitrogen can change the electronic propertie@—2.5 eV-*%*
of ta-C. Deposition at elevated temperatures leads to graphitiza-
Second, Liu and Cohé&rhave proposed that the com- tion of the carbon films. Depositing ta-C at elevated tempera-
pound GN, would show a hardness exceeding that of dia-tures leads to a change between masy like material to
mond. In this compound, carbon is entirslg® bonded. This  mainly sp? like material at transition temperatures which
proposal led to considerable research on C—N compoundsere found to vary between 150%and 400 °C? It is un-
but so far GN, has not been synthesized. It has proved dif-clear why the deposition transition temperature varies so
ficult to achieve the high N incorporation and to maintain themuch between different deposition systems. Koskinen found
C bonding assp®.°~*? Except in double beam systems, high that it depends on instantaneous deposition *fatehile
N contents require deposition at a highey pdessure, which  Chhowallaet al® and Sattekt al?® found it was due to ion
reduces the ionization of the plasma beam. A fundamentanergies.
question arises whether the N content is limited by the depo-  To investigate the influence of nitrogen on ta-C as well
sition process or by the nature of C—N bonding in the solidas the influence of deposition temperature on the ta-C struc-
ture we looked at structural, optical, and electric properties

dAuthor to whom correspondence should be addressed; electronic maif.)f nitmgena_ted amorphous carbon films deposited by a
byk20@eng.cam.ac.uk FCVA at various substrate temperatures.
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Il. EXPERIMENTAL DETAILS 6

The amorphous carbon films were deposited with a 54 | T\ ----c---m-m--- ——10° mbar
FCVA system described previousl{.The arc current was :
kept constant at 75 A and the magnetic field induced by the 4

coils was 20 mT. This provides a deposition rate of about 7

- —-10° mbar

--~" ——2x10" mbar

AJs for pure ta-C. The base pressure of the system was 5 E 3
X 10 "mbar or better. Nitrogen was introduced into the a - 5x10 mbal
deposition chamber in the region of the filter bend. All nitro- T 24 ° R/ RN -- -7 3
gen pressures given are before the arc runs. Samples wer 3 -~ —— 10" mbar
simultaneously deposited onto quartz and silicon substrates. 14 ]
Samples on quartz are for optical and conductivity measure- .
ments while samples on silicon are for ellipsometry, Raman, 0 s o o o
0 10 20 30 40 50

or other structural measurements. The substrates could be
biased with either a dc voltage or, for insulating substrates, 0.5
given a self-bias by applying a high frequency to the sub- . e

strate holder. The incident ion energy is given by the sum of 0.4 °
the bias voltage and the initial ion energy of the C plasma. ’
The Si substrates were subjected to a HF clean before mount-
ing. The substrate holder could be heated and the tempera-
ture was monitored with a thermocouple. The substrates
were held at temperature for at l¢dsh prior to deposition.
During deposition the temperature usually rose about 10 K.
A series of films was deposited at room temperature, 80 °C,
100°C, 150°C, 200°C, 250 °C, and 300 °C at various nitro-
gen pressures. Another series of films was deposited at base (b) °
pressure, X 10 “mbar nitrogen partial pressure and 0.0 —— : —rer——r .
103 mbar nitrogen partial pressure and at various tempera- 10° 10° 10™ 10°
tures. The thickness of all films was determined by single Nitrogen pressure (mbar)

beam ellipsometry or a Dektak profilometer.

The nitrogen content of films with over 2% N was mea-
sured by elastic recoil detection analydiRDA). Secondary
ion mass spectroscop{IMS) was used for samples with
lower N contents. The SIMS data were calibrated by com4(D)/I(G) ratio was calculated as the ratio of theand G
paring the ratio of the CN ion signal to that of negative peak heights.
carbon ions for samples of known N content measured pre-  The optical band gap was determined from transmission
viously by ERDA. All nitrogen contents are given as thin  and reflection spectra using an Ati-UNICAM UV-visible
C1-xNy in %. spectrometer. For conductivity measurements, Al electrode

Thesp® fraction was determined by electron energy lossgap cells were evaporated on the films on quartz substrates
spectroscopyEELS). For EELS, samples were deposited onand a Hewlett Packard 4140B pA meter was used for
Si substrates to a thickness of 20—30 nm, the Si etched awayurrent—voltage measurements. The conductivity was mea-

and free-standing ta-C films mounted on copper grids. Theured over the temperature range from 300 to 470 K to de-
measurements were performed in transmission with ajve the activation energy.

purpose-built spectrometer with a primary energy of 170
keV.? Thesp® content is derived from the carbéhedge by ||| RESULTS
comparing the ratio of areas of the 285 eV peak and the 290 L
eV edge, as described by Bergﬁral.ze A. Plasma characterization

Raman measurements were performed on a Renishaw Properties of the deposition plasma were measured with
Raman microscope system 2000 and on a Jobin—Yvoa retarding field analyz€fFaraday cupand optical emission
T64000 spectrometer coupled with a notch filter, using a 514pectroscopyOES. Plasma characterization in cathodic arc
nm Ar ion laser. The spectra in general show two features, aystems is difficult due to excessive noise, which originates
G peak at 1540-1600 cr and aD peak around 1350 cit.  from the random movement of the arc spot on the catfibde.
The spectra were fitted with a Breit—Wigner—Fai®WVF)  The spectra are an average of 20—30 measurements to reduce
functiorf” for the G peak and a Lorentzian function for tBe  the noise.
peak. TheG peak position(G shift) is taken as the maximum Figure Xa) shows the ion energy distributions measured
of the BWF. TheD peak was only fitted when it could be at different N pressures and Fig(l) shows the ion current
recognized in the spectra. Ti@& peak is due to the relative density. The ion energy distributions resemble a Maxwellian
stretching motion ofsp? carbon atoms in rings or chains. shape as they show a long tail. The intensity of the distribu-
TheD peak is due to breathing modessy¥ rings?®=*°The  tions changes strongly between x20* and 7

retarding voltage (V)

)

0.34

0.2

0.1

lon current density (mA/cm

FIG. 1. (a) lon energy distribution of plasma beam at different nitrogen
pressures(b) ion current density vs nitrogen pressure.
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= FIG. 3. Deposition rate of filtered cathodic vacuum arc and unfiltered
1.54 cathodic vacuum ar(Chhowalla.
1.0-_ The background radiation clearly falls if nitrogen is intro-
0.5 duced into the chamber. At I8 mbar N, at the sample po-
1 sition, it was no longer observed.
0.0 e : For 10 % mbar N, pressure, the Nsecond positive sys-
200300 400 500 600 700 800 900 tem (C 3I1,—B I1,,)(300—400 nmand the N first negative
(nm) system B ZEJ—X%EJ)(EOO—MO nm) dominated the spec-

FIG. 2. Optical emission spectra gf) near cathode spot, no nitrogei) trum at the sample position, while at the cathode position

sample position, no nitrogerg) 10~* mbar nitrogen in cathode positioft) hardly any peaks came out of the noise in the 300-400 nm

10" * mbar nitrogen in sample position. range. Peaks at 420 and 469 nm could however be attributed
to the Ny first negative system. At IG mbar, the N first
negative system was also clearly visible in the cathode

X10”“mbar. The ion current density remains constant up tdPosition with the N second positive system. In the sample

10~% mbar and then decreases rapidly reaching 0.04 mA/cmposition at 10°mbar, the first positive system

at 4x 10~ *mbar. The peak of the ion energy distribution is (B *II;—A >3 1) (550750 nm) and the second positive sys-

at 7-8 eV, as seen previousfThe peak position falls as tem of neutral N clearly dominate the spectrum.

the ion current decreases above 1énbar. Positive ion cur- .

rents could be measured up to 30-40 V on the retarding cuf?- Deposition rate

Above 10 “mbar, ions could only be detected for up to  Figure 3 shows the deposition rates of samples deposited

15-20 V on the retarding cup, which may, however, be dugyith the FCVA system. The figure also includes deposition

to very low currents and high noise. rates found by Chhowallat al3® using an unfiltered arc sys-
The fraction of ions in the film forming particle flux was tem. It is seen that the deposition rate for the filtered arc

calculated from the ratio of ion current density and deposidecreases with increasing nitrogen pressure, while the rate

tion rate, assuming only Cions. The ion fraction was found for the unfiltered arc increases with increasmg.

to be 80% up to 10* mbar nitrogen, dropping to 10% at

higher pressures. Note that this assumes onlyi@s, no C. Nitrogen content of samples

cluster ions, a sticking coefficient of 1 for ions, and a sput- Ei 4 sh h . ¢ i ¢
tering coefficient of G>-3* igure 4 shows the variation of nitrogen content o

OES were taken in the cathode region and at the sampl%amples deposite(_j at room tgmperature _and at 100 9\/ .
position. Figure 2 shows spectra taken at these two differerft"€r9y as a function of the nitrogen partial pressure in the

positions at system base pressure and af hbar nitrogen.

For the arc running at base pressure, the OES has consider- ] % ;6.%
able background. This background is found in other carbon  — I muf—"'

plasmas and has been attributed to a blackbody radiation i 10_; o &é

from dust in the plasmZ In our case, the background is 2 ] 4 o

centered at 600 nm for cathode region spectra and at 500 nm ‘g 14 .’

for sample spectra. Few peaks can be attributed to atomic € ] ® ® this work
and molecular species with certainty, due to excessive noise. 8 ] . O Chhowalla
For cathode spectra, a peak at 283 nm is clearly seen and =Z 0.1 3 ¢ % Stanishevsky
attributed to C, but the peak could not be seen at the sam- ] It A Xi

ple position. The sample position spectra show a very 0.01 +—292 O Hartmann

strong peak at 470 nm due to the, GSwan bands

(A 3my—X 3m,)(660—-440 nm Other Swan band peaks are
less pronounced. Swan band peaks were also found at the
cathode, as well as peaks belonging to the Deslandresgg 4. Nitrogen contentin % (of C,_,N,) vs nitrogen partial pressure of
D'Azambuja system ¢ *I1,—b II,, (340-400 nm of C,. this work and others.

107 10° 10®° 10™* 10° 10? 10" 10°
Nitrogen Partial Pressure (mbar)
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FIG. 5. sp® fraction vs nitrogen content for room temperature deposition.
Data from Robertson and Davis are included for comparigef. 5.

FIG. 6. (8) RamanG shift and(b) G full width half maximum vs nitrogen
FCVA system. A fit to the data reveals that below a nitrogerPeSsure for room temperature deposition. The upper(aiiwgen content
3 . . . Is only valid to 10% nitrogen. For higher pressures we found a decrease in
pressure of 10° mbar the fraction of nitrogen atomg (in pitrogen content.
at. % varies as a slightly sublinear function pf_ (in mbau,
2 . .
0.9 all the spectra gave more consistent results. Figus 6
XN%4500k(pNz) ' shows the position of th& peak as a function of N content
Thus the films deposited at room temperature have 4T SamE'leS deposited at 100 eV.:Eh‘Za peak remains at
nitrogen content ranging from 0.01% to 8%. Figure 4 in-1570 cm ™, asin pure ta-C, up te-10"> mbar(0.2%N), and
cludes the data of Chhowalfd, Stanishevsky? Hartman then decreases up to Tdmbar N, (9%N), after which it
et al,% and Shi® for comparison. The films of Chhowaifd, ~increases again. Figurél® shows theG pe.ak full width half
which have the lowest nitrogen incorporation for a givenMaximum AG). AG shows the opposite trend to ti@
pressure, were deposited using an unfiltered arc, while Stanpof’g"on; it increases with increasing,Noressure up to
shevsky and Shi used deposition systems similar to outQ ~ mbar(9% nitrogen. Thereafter it decreases again.
work. As the nitrogen pressure rises above 0.01 mbar, the Figure 7a) shows the optical band gaffaug deter-
nitrogen content saturates or even decreases. This limits tHBIN€d by transmission-reflection measurements, as a func-
maximum N content of films produced by a single beamtion of N content. The gap remains above abogt 2.0 eV until
FCVA. an N content of 0.4% (2 10™° mbar), and then it decreases
We observed a decrease of N content for depositiorgradua”y with further N addition. This decrease in the gap is
pressures above 18mbar. A sample deposited at 7 consistent with the .detection of B peak. Note that this
% 10~ 3 mbar showed no nitrogek edge in EELS® ERDA decrease occurs while tls®® content is constant.
was used to determine the N content of samples deposited at
103 mbar N, and floating potential at 100, 200, and 350 °C.
The N content decreases linearly with deposition tempera-

Nitrogen content (%)
0.01 0.1 1 10

ture: thexy of the samples was 7%, 6%, and 4.5%, respec- > 3 (a) B
tively. These results also show that the nitrogen incorpora- § I
tion is similar for 20 eV ion energy and 100 eV ion energy. (‘%7 2-_ Cg@ ogv é o
D. Room temperature deposition: Variation with % 1 — A"} © v
nitrogen content S Qo s 9
Q. @ 100ev
Figure 5 shows the variation of carbep® content de- O g v . el
posited at room temperature and 100 eV ion energy as a 2 0.6 (®)
function of N content. Thesp® fraction remains at about > g
80% up to a N content of 9%. An extensive study of the %
carbon and nitrogeK edge of the films has been published i 041 °
recently by Waidmaret al>® Davis et al2 found that FCVA S
films at higher N contents beconsg? bonded. § 0.2 ‘ ' . . e
Visible Raman spectroscopy was used to probe the con- o 1(').6 1 (').5 1(')4 ) (').3

figuration of thesp? sites. For room temperature deposition,
the spectra were fitted with a BWF function for tepeak
only. Even though a smalD peak could be fitted for N
contents between 1 and 10 at. %, fitting only @d@eak to

Nitrogen Partial Pressure (mbar)

FIG. 7. (a) Optical gap for samples deposited at different ion energl®s;
Urbach energy of samples deposited at 100 eV vs nitrogen pressure.
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FIG. 8. Absorption coefficient vs photon energy. 10'72.0 212 214 i 216 y 2:8 g 310 y 3f2 314

1000/T (1/K)
Photothermal deflection spectroscopy measurements ) ) .
. . . FIG. 10. Arrhenius plot for samples deposited at 100 eV ion energy.
were performed to determine the optical absorption edge.
Figure 8 shows optical absorption coefficient as a function of
photon energy. The absorption edge has a roughly exponenitrogen show a room temperature conductivity of
tial region, from which the Urbach ener@y, can be defined 107°(Q cm)~!. The conductivity increases slowly with N
content to 104(Q cm)™! at 1% N, and it then increases
a(hv)=aoexphv/Eo), more rapidly to Eeach )about(ﬂ cm) tat 9% N. In all cases
where a(hv) is the absorption coefficient as a function of the conductivity increases exponentially withA slight in-
photon energyE, is a measure for the width of the wider crease in activation energy of about 0.02—0.04 eV was ob-
band tail*® The absorption coefficient varies steadily with served between room temperature and 45(Gé&e Fig. 10
photon energy, without the clear distinction between bandrigure gb) shows that, for all but one series, a slight maxi-
and tail regions seen ia-Si:H, soE, is determined ahv mum in the activation energy iy, of 10~ ® mbar could be

=1eV. Figure Tb) showsE, as a function of N content, (Observed. In two sets of samples, a slight increase in optical
where a sudden increase occurs for N contents over 1@ap is also seen at thiﬂiNZ- The exponential prefactar,

(10~ *mbar), indicating a broadening of the band tails. lies between 0.1 and @ cm)~* and did not show a depen-
Figures 9a) and 9b) show the room temperature con- dence on nitroéen pressure

ductivity and conductivity activation energy, respectively. '

Samples were deposited at four different substrate biases r

sulting in different ion energies. In this case the influence o

the ion energies is marginal compared to the influence of Figure 11 shows the variation of the Ranm@rshift and

nitrogen. Samples deposited at room temperature with nb(D)/1(G) ratio with deposition temperature, for films de-

. Depositions at elevated temperatures

Ncontent (%) ~ 16001 .
001 0.1 1 10 £ 1580 %2 AR .

‘_/\ 1 1 NP ! L ;:/ E ..‘é..

g 10°1 (a) L % 1560__ Z (T A @ base pressure
< " O™ 1540 ° B 2x10" mbar
<) 102! <>V 8 A A 10° mbar
2 1 1520 T T
2 10" o 88 A ee

S .1 ° o A3OO-_ ] ....ﬂA

-8 10 1 bp o A4 8 ‘TE 200 - " ha

S, .12 S =88 2

10° PR ™ T 4 ®

S TS e O 308V g 100

L les o] & 60ev 0 T T T T
> 0.3 ¢ ov ® 100eV

% .<> : O | w 220ev s 8 o

< (’D‘ [ ]

L 0.24 O '<> = 14 QQ ]

g v 5 < s
5 | ve = a"eh

"'3 0.1 MRRRAL T T T 0- oe . . .

< 10°  10° 10* 10° 0 100 200 300 400

Nitrogen Partial Pressure (mbar) Temperature (°C)

FIG. 9. (a) Conductivity and(b) conductivity activation energy for films FIG. 11. RamarG shift, AG, andI(D)/I(G) of samples deposited at vari-
deposited at different ion energies vs nitrogen pressure. ous nitrogen pressures vs deposition temperature.
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— Ea 1 *
% (@) A 10°mbar N, ‘= 10°1 x ;
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2 T |lo ee .*?10 : ﬁ n ¢ A 200
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g - e 21071 ®e g 0O sC
B 0.5 o . ® QR 1 ® T
(@) AD 010_ Ty T LRRALLL I T
00— A 107 10° 10° 10® 10° 10°
—_ 1) A ® O Nitrogen Partial Pressure (mbar)
T 10°1 A 4 ¢ A
£ E AA FIG. 13. Conductivity of samples deposited at various deposition tempera-
w; 1o°j A goe tures vs nitrogen pressure.
[m]
AN o
B10°17 o L .
= .® change between 210" and 510 *mbar N, pressure.
§ 10 e Bilek et al3?*!previously observed a shift towards lower ion
10w ————— energies due to the introduction of nitrogen into the FCVA.
0 100 200 300 400 It was also observed that the ion energy distributions behind
Temperature (°C) the filter bend followed the shape of a Maxwellian better

than the shape of a Gaussian, which had been, measured
previously*® In contrast to measurements by Bilekal ** on
a titanium arc in nitrogen atmosphere, a sharpening of the

posited at base pr_essure>,<20_ mbar, ar_ld 10 mbf'” n ion energy distribution with ppressure was not seen, which
trogen pressuréall films deposited at floating potentiaFor ' . :

. . - ... might be due to charging effects of the analyzer at low ion
all values, the nitrogen pressure during deposition had little

influence. Despite the scatter, there is an increase freak energies.
:‘orill thrée pr:slsure series Ué to a dleposi;ion tempF:raature of OES showed colder background radiatipeaked at 600
200 °C, after which the value saturatesDApeak only starts nm) at the cathode region than at the sample regpzaked

. . at 500 nm. This may be an effect of dust particle size. At the
Lont?lpiflee?/relibg;fleatlfgog . g‘ t.lets“izr?ﬁdeg;?ﬁé;e;ﬁz? cathode region the moving cathode spot creates little explo-
G position ) sions on the cathode surface, emitting dust particles up to the

Figures 12a) and 12b) show the optical band gap size of millimeters. These particles are expected to be colder

i " than clusters or micrometer-size dust particles. We assume
(Taug and the conductivity versus deposition temperature P

. . o th kground radiation at th th ition i t
respectively, for the three nitrogen deposition pressures. Th e background radiation at the cathode position is due to

optical gap is decreasing steadily with increasing de ositioﬁ owing big particles, while the background radiation at the
P gap g ciy w g dep sample position is due to clusters and micrometresize par-
temperature, and samples with higher N content show

smaller aan. Samples deposited at room temperature clear icles which still get through the filter, due to drag from the
how Ei Fr)] ) pth N pmll d ited tp80°Cu SamplB4mp or reflection from the filter walls.
show a higher gap than samples ceposited a - SAMPIES o spectra show the presence of Swan bands at 470 nm

abqve deposition temperatures of 200°C did not show ath the sample position and, weaker, at the cathode position.
optical gap any more.

The conductivity increases exponentially between room[The weak Swan bands at the cathode position may be due to
temperature and 200°C from 10 to 10 (Q.cm)* and he excessive noise of macroparticles, rather than of a

shows a strong dependency on N content. Above 200 °C thsmaller fraction of Gin the plasma. gis readily observed in

conductivity becomes almost independent of N content andaser ablation of carbon in the presence of background
. y pe gase®“*3and is believed to play a role in the formation of
its dependence on temperature declines.

Figure 13 shows the conductivity as a function of nitro- Coo moleciles. In the FCVA, the clear presence ofi€a

en partial pressure for samples deposited at constant te Sign of the presence of neutrals after the filter bend. We
gen p pres: P P o ;Believe that G molecules travel around the bend due to the
peratures. The influence of nitrogen on the conductivity o

the samples decreases with increasing temperature. While ressure gradient between the cathode region and the region
room terF:I erature nitrogen increasesgthe C%nductiv.it 5 or- the sample holdefthe FCVA is pumped by a large diffu-
P 9 Y sion pump located beneath the sample holder and a smaller

de_rs of magnitude, at 150°C _the increaose _dge to nitrogen Siffusion pump located near the cathod®Ve also found
still 4 orders of magnitude while at 300 °C it is only 1 order _ . Ci v in th thode reaion. This mav be
of magnitude. evidence for C ions only in the ca gion. y
due to low plasma throughput through the filter bend.

IV. DISCUSSION When nitrogen was introduced into the bend at
10 * mbar at the cathode position only lines of the first nega-
tive system of N (i.e., no evidence of neutral,Nnolecule$

Plasma characterization found that the ion current denwere observed, which means that the arc is able to ionize a
sity reduces with nitrogen partial pressure. There is a largérge fraction of the nitrogen near the cathode. Only at a

FIG. 12. Conductivity and band gap vs deposition temperature.

A. Deposition processes
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pressure of 10° mbar nitrogen could some lines of the first place. The same incoming flux of particles would then grow
negative system of the neutra Molecule be detected at the @ film with lower density, which would increase the growth
cathode region. The spectra taken at the cathode positididte by a third, as observed.

look different from spectra taken at the sample position. At

the sample position at I¢ mbar N, lines of the second B. Nitrogen and the sp? transition

positive system and the second negative system dominate the

s_pectrum, and at IG‘ f”bar the spectra is made up .Of the deposit films wih a N content over 9% and hence we could
first and sepond positive system Of neutral Ijrhere might not observe a sudden transition to maisly’ bonded mate-

be some lines correlated to the first negative system, b tal On the contrary, deposition at pressures exceeding
neutral nitrogen is dominant. These results indicate that '€ 0-3 mbar N, lead again to the formation of highp® films

combination of positive ions with electrons occurs on theFor 0.01%-10% N, thsp3 fraction decreased by only 5%.

way from the C_"’?th"de o the sample_posmon. The fact that thesp® content stays nearly constant af N
The deposition rate decreases with N pressure, but morf

Despite the high nitrogen pressures we have failed to

lowlv than the i t densitv. Thi that at high ressures where the ionization is decreasing, i.e., between
slowly than the ion current densily. 1his means that at NigNel 5-4 54 153 mpar, suggests that thep? transition above

N, pressures, neutrals must play an increasing role in th‘_ELO% is a bonding effect, not a plasma effect. A similar con-
formation of ta-C:N films. ’ |12
neaﬁ;l/gll{lrzia‘rl vii?r?vl\\;spglggl'grégzzrriog?tllc?\; ml;[)(;fgr]ee: Sf;?;_'s We could show that with increasing nitrogen content in
N, the film theG peak shifted from 1570 to 1540 crhwhile
ration and even decreasing. N can enter the filnjébyoeing A G increased from 300 to 350 ¢th The decrease of th@
in the form N" or N3, CN', (or other positive CN com-  ghift indicates an increase p? bond length and the in-
pound iong, being accelerated onto the film and penetratingerease inAG indicates a larger variety afp? bond lengths
the growing film by subsurface implantati¢subplantation  \ith increasing N content. The absence of a Bigpeak
or (b) by being physisorbed at the surface and then, by &ngicates that no appreciablep? clustering into ordered
knock-on process, being subplantated into the filmcbby  rings takes plac&’~*°It should be noted that largest change
being chemisorbed at the film surface and hence bonded g G shift andAG appears at pressures between4.@and
the growing film matrix. We found that the nitrogen incor- 10-3 mbar, i.e., when the ion current density also changes
poration intoa-C films decreases at higher deposition tem-qrastically. Hence the observed change could not only be due
perature, as also observed by other grofé*Recently it 1, nitrogen, but also to a change in deposition process.
was also found that the nitrogen etch rate of ta-C decreases pte the optical gap decreases between 0.4 and 9 at. %
with increasing temperatuf8.This was explained by phys- N while thesp® fraction remains constant. This implies that
isorbtion of N, at the growing film surface and then ion eyistingsp? sites are beginning to cluster and reduce the gap
impingement would release CN and N into the gas phasqang indeed a smald peak can be seen at higher nitrogen
The temperature dependence of the etch rate can be expntents. A similar effect is observed for depositions of ta-C
plained by the fact that adsorption is a process which in; higherT, and for annealing of ta-C to high*®*°This is a
creases with the square root of temperature while desorptiqgey observation, as it means that conducting ta-C:N can be

increases exponentially with temperature, i.e., with increasychieved simultaneously with higgp® content.
ing temperarure less nitrogen is adsorbed at the film surface

and hence the etch rate decreases. We can assume a sim@rD
model for N incorporation during film growth, i.e., process
(b) would be favorable to explain the film growth. The ad- At low N content and low deposition temperatures, the
sorption of N, on the film surface and the incorporation and Sp® fraction is high and constant and the optical gap 2 eV. In
binding to the growing film due to ion bombardment is alsothis regime, heterostructures on silicon suggest that nitrogen
the favored model for TiN film growtA” It is in accordance ~acts as a substitutional dopant of ta<dt was found previ-
with a linear increase of nitrogen in the films with nitrogen ously that activation energy passes through a maximum at
pressure. low N contents before decreasing again. This behavior
Then why does the nitrogen content saturate at 30% an@as attributed to the movement of the Fermi level from the
even decrease at higher pressures? This might be due to tigaver part of the band gap through midgap to closer to the
deceleration of ions or other high energetic species, whiclgonduction band. Further evidence of this is that thin film
are responsible for the knock-on process. Hence at higher Nransistors show that ta-C hastype conductioff and that
pressures the ion energy is no longer sufficient to enhancgcanning tunneling spectroscopy also suggests a movement
the formation of CN bonds. The change in plasma propertie§f the Fermi level with N additiori?
could thus explain the decrease in N content at higher pres- The present work does not find the previous strong
sures. The only way to overcome the limit of nitrogen incor-maximum in activation energy correspondinglp passing
poration is to use an extra plasma source to ionize th&wough midgap. However, the value for the activation en-
nitrogen?! The different behavior of deposition rate with the €rgy was measured at room temperature rather than at 500 K
filtered and unfiltered arc can be explained by graphitizatiors reported previousfyNevertheless, a weak maximum in
due to nitrogen: In the pressure range where the depositioactivation energy and gap is seen for some samplexs, at
rate increases in the unfiltered arc, the nitrogen content ex=10 ®mbar. The conductivity prefactos, remains ap-
ceeds 10%-15% and one can assume graphitization takesoximately constant in the measured regime from 0.01% to

clusion was reached by Het a

oping of ta-C
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9% N, even though the activation energy is changing. Thid/. CONCLUSIONS
contrasts witha-Si:H, where the prefactor changes by orders In our work we described the influence of nitrogen on

of magnitude when doping occurs. It should be pointed Oublasma and film properties of a FCVA. It was found that the

thaF the dopl_ng_ effect n ta-C is weak, and _conducuon '®on current density decreases sharply betwesrl@ # and
mains well within localized states. The density of localized

: . o ) “*76x10 “mbar N, Optical emission spectra revealed the
states is so high that conduction is always by hopping W'th'rbresence of gin the sample position even without any ni-
band tails, which is whyry remains low.

trogen present in the system. Nitrogen at ihbar was
fully ionized at the cathode region, but neutrg) ébuld be
observed at the sample position. At Hmbar neutral nitro-

gen could also be observed at the cathode position and no
) N, could be observed in the sample position.

It was found before that ta-C changes rapidly frep? The N content in our films reached a maximum of 9%
rich tosp? rich at a certain transition deposition temperature.;nd was nearly proportional to the pressure. Other authors
Chhowallaet al*® and Sattebt al** found that the transition  yeported with this or a similar method nitrogen contents of
temperature decreases with increasing ion energy. Koskingiht more than 30%. At room temperature #1& content of
gt al. using a pulsed arc even reported the depositiospsf the samples remains higB0%) for up to 9% nitrogen in the
rich ta-C to temperatures up to 400 *Cand found that the  samples. Higher nitrogen pressures lead to a decrease in ni-
transition temperature increases with deposition rate. Figur@Ogen content in the films. The influence of nitrogen can be
11 shows that & peak starts appear@ng at a_substrate {€Mzeen in Raman spectra, where a decreas® #hift and an
perature of about 80 °C, and saturation@fhift, AG and  jncrease inG width is observed, which is attributed to the
1(D)/1(G) takes place at about 200 °C. This does not mearformation of sp? chains. Deposition at increased substrate
that thesp? to sp® transition starts at such low temperature. temperatures leads to an increas&ishift and a decrease in
In fact, during high temperature deposition the clustering ofaG, which is attributed to the formation of graphitic ring
thesp? phase happens before a significant conversispdf  stryctures. For room temperature deposition the gap started
to sp? sites, as recently fourfti.A similar behavior is found closing at 0.4 at. % (X 10”5 mbar) nitrogen in the films; at
for postdeposition annealed ta-C samples, wheretipeak  the same value the Urbach energy starts increasing. The con-
starts appearing before a transitionstp? bonded material  gyctivity starts increasing at smaller amounts of nitrogen, but
takes placé® Given the similar deposition rate asg?® frac- shows a sharp increase at this value. Changes in the ion
tion of the as deposited samples in this work and in Ref. 18¢rrent density at 10° mbar nitrogen seem to be uncorre-
we can assume that the transition temperature for the mat@sted to these changes in the film. A slight maximum in
rial deposited in this work is around 200 €. activation energy at about 0.01% nitrogen can be observed,
attributed to a slight doping effect of nitrogen. For films
deposited at increased substrate temperatures a closing of the
gap is observed for depositions at 80 °C and the gap is fully
closed at 200 °C. Conductivity and band gap are dependent

While Raman and the optical band gap did not give aon nitrogen and temperature, but for increasing temperature
clear trend between samples deposited at different nitrogenitrogen becomes less influential. The transition temperature
pressures at elevated temperatures, we could show that elasf-ta-Ci{N) from mainlysp® bonded to a mainlgp? bonded
tronic properties of our samples deposited below 200 °C arenaterial was found to be independent on nitrogen pressure
influenced by nitrogen, while for samples deposited aboveind could be estimated to be 200 °C.
this temperature nitrogen had decreasing influence. This was
also shown by Hellgreret al,'* who showed that at low ACKNOWLEDGMENTS
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