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Maximized sp?® bonding in carbon nitride phases
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Carbon nitride films were deposited using a low pressure, dual ion beam system consisting of a
filtered cathodic vacuum arc and a plasma beam source for carbon and nitrogen ions, respectively.
This system maintains highly ionized beams even at high nitrogen fluxes, unlike in single beam
systems. Film composition and bonding were measured by electron energy loss spectroscopy. Films
with nitrogen to carbon atom ratiddl/C) up to 0.5 are produced. The carbon bonding is found to
change gradually fromsp® to sp?, rather than sharply above a critical N content, as found
previously. This indicates that N atoms form individuak®l bonds rather than causing a reversion

of the entire C network tep?. This allows us to maintain €p° bonding to the highest N contents

so far achieved. €2000 American Institute of Physid$§0003-695(00)05336-5

The synthesis of carbon nitride has been the focus ofise an independent source of N ions. However, most nitro-
intense experimental and theoretical effort since the predicgen sources such as a Kaufman source tend to have quite low
tion that B-CsN, will have hardness comparable to ionization!” A highly efficient, low pressure source of N
diamond! 8- and a-C;N, are dense, metastable phases inions with a low background of molecular nitrogen is needed,
which the bonding isp® at the carbon site anglp? plusp?  such as a high plasma density reactor.
at the nitrogen sité-* There have been a number of reports In this letter, we use the FCVA as a source of ©ns
of crystalline phases, but most synthesis methods creatend an electron cyclotron wave resonatE€WR) reactor
amorphous &-) C; _,N, films with a nitrogen content under as a source of Nions. A single bend, wide duct filter FCVA
the desired 57% and with littiep® carbon bonding at high N is used. The incident Cion energy can be varied by biasing
contents the substrate. In our system we can prodteeC with 85%

Subplantation is a general means to grow dense metap® bonding even in the absence of substrate bias because
stable phases using medium energy ions in which the ionthe average ion self-energy of 25—-30 eV is sufficiently high
penetrate the surface layer leading to the subsurface growtb give efficient subplantation. The ECWR is an inductively
of a densified, quenched-in phdseThis has been used to coupled radio frequency source with magnetic confinement
grow the highlysp® bonded tetrahedral amorphous carbonof the plasma which operates at low pressdféEhe ECWR
(ta-C)® and cubic boron nitrid&.This same process can be provides a neutral plasma beam in which the ion energy can
applied toa-CN, . The closest approach to this process is thepe varied independently of the ion current by a capacitively
use of alternating mass selected ion bedM$IB) of C*  coupled bias voltage. The ECWR produces a highly ionized
and N* ions**** However, the MSIB method is less suited nitrogen plasma with the fraction of Nand N} ions de-
to a wide-ranging study of growth conditions because of itspending on the gas residence tifideading to current den-
slow growth rates. sities similar to the FCVA.

Subplantation requires growth from a fully ionized ion  The two sources are aimed at substrate holder. The depo-
or plasma beam with an ion energy of order 100 eV, so thagition are carried out at room temperature onto Si wafers.
all the growth occurs subsurface. The filtered cathodicThe nitrogen pressure is maintained below B0~ * mbar
vacuum ardFCVA) is the simplest, laboratory scale source during deposition. The N ion energy is 60—100 eV. This is
of a highly ionized beam of carbon atoms. Pulsed laser depasyfficiently high to cause subplantation, but not too high to
sition (PLD) can also achieve this if sufficiently energetic gjve chemical sputtering, which is another cause of reduced
lasers are usetf:** CN, requires the coincident deposition N incorporationt?
from both C and N ion beams. However, if a carbon ion  \ve first measured the effect of nitrogen pressure on the
beam from FCVA or PLD is used to ionize a background gasc jon flux. Figure 1 shows that a one order of magnitude
of nitrogen, then the N pressure must be so high, over jncrease in nitrogen pressure leads to an even larger decrease
10"*mbar, to obtain sufficiently high N incorporation that in jon current, from 0.4 to 0.01 mA/cnTherefore, the main
this leads to a lower ionization and a loss of subplantatiorbxperiments maintained the nitrogen pressure below 5
efficiency*'° Overall, this causes a reversion 0 ° %10~ *mbar.
bonding and lower N incorporation. This acts as a plasma e now consider the effect of nitrogen content on C and
limit on the growth process. Consequently, it is necessary tq ponding, by varying the relative C and N ion fluxes. The
composition and bonding were measured by electron energy
dElectronic mail: ser26#eng.cam.ac.uk loss spectroscop§EELS). For this, the films were floated off

0003-6951/2000/77(10)/1458/3/$17.00 1458 © 2000 American Institute of Physics
Downloaded 15 Nov 2001 to 132.248.12.163. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 77, No. 10, 4 September 2000 Rodil et al. 1459

[ ] ] v Davis

&E\ b 4 s T - 0.8 QO Lieber
G la A - 4 W This Work
< MR o Linear fit €4
= A ae " 06 -~
E o1k A u* . o C Ry
> 3 N o v M\ |
2 s v l’ [ | [} S

- S 04}
3 :‘ ‘e S v v
= A oo ® v o= oG o)
o . ° IS .
= v L 2 (o} %
3 0.01F v AR | @ 02 G, o -

E O
5 v 00
o 00 | o %
. .
@O o
1 N 1 N ] L 1 L 1 1 02b X L X ! X L } ! X
1.0x10°  2.0x10%  40x10°  6.0x10*  8.0x10*  1.0x10°  1.2x10° 0.0 0.1 0.2 0.3 0.4 0.5
Nitrogen partial pressure (mbar) [N/C]

FIG. 1. lon current density vs nitrogen pressure. Five series of runs ar@|G. 3. Carbonsp® fraction vs N/C composition ratio. Data from Davis
compared and each data point is the average of ten values to allow fast al. (see Ref. 1%and Lieberet al. (see Ref. 1Bare included for compari-
fluctuations in the current density. son. The linear fit is obtained for samples with N/Q.15. Negative values
in the Csp® fraction indicate Gsp* bonding, probably as £N.

the substrates by dissolving the substrate in HF:HRZ0

mixture. The EELS were carried out on a Vacuum Generag
tors HB501 scanning transmission electron microscope with
a dedicated parallel EELS spectrometer of the McMullan de-

ign. The incidence and collection angles were those for the
magic angle.”?°

EELS spectra of films of different nitrogen content are
shown in Fig. 2. The N/C ratio was derived from the relative
areas of the N and & edges, using the partial cross sections
calculated by the Egertéhhydrogenic model. The values
were crosschecked for a batch of samples by nuclear reaction
analysis?? The Csp? fraction was derived from the K edge
spectra from ratio of the area of the 285 eV peak to the
area of a window(283.4—294 eV, to correct for differences
in spectrum intensitl.The ratio is normalized to the ratio for
a 100%sp? bonded graphite standard, also measure at the
magic angle. Note thatp' bonding as in —&N groups can
be significant ina-CN,, so thes* fraction corresponds to
the sum ofs p? sites plus twice thep' sites(which have two
o stateg. We cannot distinguiskp? from sp' by EELS, so
sp* sites correspond tec0% sp® bonding in the plots.

The nitrogen bonding is derived similarly from theKN
edge at 400 eV and it deserves special attention. The N site
e w0 e we w0 in 8- or a-C3N, is sp? in the bonding plane with a filleg?
lone pair orbital normal to the bonding plah&hus, there
are no empty Nr* states in3-C3;N,. The signature of gN,
is an absence of both the£* peak at 285 e\andthe N =*
peak at 400 eV. Generally, though, there are many unsatur-
ated N configurations ia-CN,, ranging from aromati¢py-
ridine or pyrrole to C=N groups and nitrile (—&N) groups
which can contribute to the 400 eV peak.

Figure 3 shows the €p® fraction as a function of N/C
ratio. We see that the €p° fraction, x, decreases approxi-
mately linearly with N contentn, as
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x=0.78-0.94.

The first term represents the §3° value for N-free samples,
consistent with the values measured farC films. On the
other hand, the slope, 0.94, represents the rate of decrease of
Eloatron £ L the sp® fraction. The fact that this value is very close to 1
ectron Energy Loss (&V) . suggests that the variation in €p° fraction is mainly due to
FIG. 2. C and NK edge from EELS spectra fa-CN, films of three 5 hrafarential formation of EN double bonds. This behav-
different compositions. The spectra are normalized in a window away from . . dAc4.23
the edge, so the intensity reflects the change- inonds and nitrogen con- 107 contrasts with data of previous workers,"““also shown

tent, respectively. in Fig. 3. They found a critical N content above which the
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FIG. 4. Normalized=* area of NK edge EELS spectra vs N/C composition.
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hydrogen-free carbon nitride films witk45 at. % N. It also
shows that ion subplantation is still effective on promoting
the C—Csp® bonding, but it is so far unable to overcome the
chemical barrier to the formation of C—N single bonds. Our
results confirm that plasma ionization limitations can be
overcome to maximize the N incorporation ang & bond-
ing in a-CN, films, but that the goal of {N, remains limited

by a bonding instability in the solid.
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