Diamondlike properties in a single phase carbon nitride solid
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The intrinsic properties and bonding of single phase carbon nitride thin films of stoichiometry
C,N have been studied. & exhibits high electrical resistivity and thermal conductivity that are
similar to the properties shown by diamondlike carb@LC) films. Electron energy loss
spectroscopy studies how, however, that the carbon jN & sp?-hybridized rather than
sp®-bonded carbon as in DLC. This carbon bonding sNGilm leads to a high thermal stability
that makes gN distinct from DLC and nitrogen doped DLCs, and thus an attractive candidate for
applications. ©1996 American Institute of Physid$S0003-695(96)01019-4

Carbon nitride materials have been the focus of considgraphite target in the presence of atomic nitrogen, is shown
erable attentiohsince it was suggested that a solid analogousn Fig. 1(a). The nitrogen content of this and other samples
to beta silicon nitride3-C3N,, would have a hardness com- used in this study were determined by Rutherford back-
parable to diamond.While the synthesis of pur@-C3N,  scattering spectroscopy. The resistivity of theNCsample

remains an open challendé.it is also expected that carbon obtained by annealing this film at 550 °Q-f&h in avacuum
nitride phases distinct frong-C3;N, could exhibit attractive

properties due to the short, covalent bonding between carbon
and nitrogen. Unfortunately, past experimental studies have

not identified unique carbon nitride stoichiometries and 100 @ E 10° %
phases required for assessing the intrinsic physical properties L ., ] 101: °°
of these materials. Recently, we have found that the stoichi- 0tk fa, @IOF e
ometry GN represents a stable carbon nitride phased g L e, . 0 20 40
. . . L . . . o] [} N
herein, describe the intrinsic physical properties and bonding = 1o’ | . e,
in thin films of this material. gN exhibits high electrical SR fa,
resistivity and thermal conductivity similar to that of dia- 7 10tk taa, .,
mondlike carbonDLC) films. Significantly, these diamond- “ L flaa,,
like transport properties in Bl come in a material consisting 10% |
of sp?-bonded carbon versus tsgp?-carbon of DLC. The L
diamondlike properties and nondiamondlike bonding make 100 150 00 550
C,N an attractive candidate for applications such as high- Temperature (K)
performance microelectronics.
Carbon nitride thin films containing up te50% nitro- 10/
gen have been prepared by reacting laser ablated carbon with A
atomic nitrogen at a substrate surfcEhese as-deposited 7 10° | ey, .
carbon nitride films, like those prepared by ion beam depo- a T faaa,, iaa
sition and sputtering? are not pure phases and exhibit, for B 10°
example, increasing amounts efC=N impurity with in- 3§ B
creasing nitrogen composition abov&0%°° Significantly, 5 10* -
we have shown that a single carbon nitride product with N
C,N stoichiometry is produced when the impurity is ther- S L LT R R
mally eliminated from films containing initially=40% o . . .
nitrogen® 100 150 200 250
The resistivity of GN is distinct from that observed for Temperature (K)

as-deposited carbon nitride films of similar composi{ibig.

e ) - _FIG. 1. Typical temperature dependent resistivity measurements made on
1(a)]' ReSIStIVIty measurements made on as deposﬂeEa) carbon nitride andb) carbon samples before annealifigangles and

samples show an increase and then saturation at values Qwr annealingsquares (a) The carbon nitride sample contained 45% ni-
tween 16 and 10 Q cm at 200 K as the initial nitrogen trogen before and 34% nitrogen after annealing. The composition was de-

concentration increases above 4Ci%set Fig. la)]- Typical termined by Rutherford backscattering spectroscopy. The inset shows resis-

t t d dent istivity dat ded fil tivity data recorded on as-deposited carbon nitride films as a function of the
emperalure dependent resisuvity data recorded on a i rQverage nitrogen composition. The temperature dependent resistivity was

with 45% nitrogen, which were grown at 180 °C using a 532determined for each of the carbon nitride samples, but only the value at 200
nm Nd-YAG laser(0.75 Jlcm fluence to ablate a pure K is plotted. All data were obtained from four probe measuremees-

thley 220 current source and 6517 electrometer =1 um thick samples

that had been grown on quartz substrates. The carbon sample with initially

To whom correspondence should be addressed. Electronic mailf0% sp® bonding was grown at 240 K by laser depositiG82 nm, 23
cml@cmliris.Harvard.edu Jlen? fluencé in a vacuum of 2.8 1077 Torr.
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asgrown FIG. 3. Temperature change of gold lines deposited on a clean Si substrate

(diamond$ and carbon nitride samplégiangles as a function of the fre-
guency of the ac current passed through the lines. The carbon nitride sample
Energy (eV) contained 43% nitrogen befof&riangles and 35% nitrogen afteisquares
annealing. Measurements were made using 1500 A thick gold lines with

FIG. 2. (a) EELS data recorded on a carbon nitride sample containing 4O%b:25 pm and =2 mm.

nitrogen before and 35% nitrogen after annealiiy.Spectra recorded on a
laser-deposited carbon film containing 7G%° bonding before annealing L . . o
and 30%sp® bonding after annealing. The spectra were recorded using d1ybridized. Hence, the high electrical resistivity ipNCcan

Philips EM 420 transmission electron microscope operating with a 120 ke\he associated with local trigonal bonding to carbon. EELS
beam energy and a Gatan 607 EELS detector. measurements made on DI[Eig. 2(b)] show a high(70%)
fraction of sp-hybridized carbon; tetrahedral bonding of

4% 1078 Torr is 1@ times larger than the as-grown filfgig. ~ carbon is essential for insulating behavior in DLC. Indeed,
1(a)]. Furthermore, the resistivities of five independepNC ~ When the fraction ofsp® carbon is reduced by nitrogen
products obtained from different starting materials are alimplantatiort® or annealing? DLC becomes much more
similar, thus supporting our previous propdshlat GN rep-  conducting and graphitelike.,8 is thus quite unique among
resents a relatively stable and well-defined phase. The larg&ported carbon based thin films in that it exhibits diamond-
increase in resistivity observed after annealing is consisterlike resistivity with graphitelike carbon hybridization.
with the elimination of the &N impurity present in as- The sp?-carbon hybridization in N has important im-
deposited carbon nitride samples, because this impurity iplications regarding its thermal stability compared to DLCs.
expected to create electronic states near the Fermi level th@ne of important limitations of DLCs is their instability to-
facilitate conduction. Indeed, analysis of the temperature dewards graphitization due to the high stress associated with
pendent resistivity data using a variable-range hoppingp® bonding within these amorphous materials. Thermal an-
model supports this picturg. nealing of a DLC sample containing 70%p® carbon at

It is interesting to compare the high resistivityd\Cma- 550 °C for 2 h produces a carbon film containing only 30%
terial to DLC thin films since DLC is a likely competitor to sp® carbon[Fig. 2b)]. The resistivity of the annealed sample
carbon nitride in applications. DLC is an amorphous carboris also 10 times smaller than the initial DLC value due to
material that contains a large fraction ep® hybridized the growth of sp>-hybridized, graphitelike domainfFig.
carbont! In general, the properties of pure carbon sampled(b)]. In contrast, GN is produced by this same annealing
are determined by the ratio afp’:sp?-hybridized carbon: procedure and has a resistivity similar to as-deposited DLC.
materials with largesp?® fractions(e.g., DLO will exhibita  The GN is also essentially unchanged after annealing at
high electrical resistivity like diamond, while materials with 720 °C for 3 h invacuum, and furthermore, exhibits limited
large sp? fractions will exhibit a low resistivity like stability even at temperatures as high as 800 °C. This high
graphite!! Significantly, the resistivity of a DLC film con- thermal stability of GN also contrasts the C—N polymer
taining 70%s p® hybridized carboiiFig. 1(b)], which is typi-  paracyanogen which decomposes completely between 675
cal of DLCs reported previousf# is similar in magnitude to  and 695 °Ct” We believe that the high thermal stability of
that observed for our N samples. It is thus apparent that C,N can be attributed to the relatively low stresg?- hy-
C,N has diamondlike electrical properties. bridized carbon in this covalent solid, and expect that such

The structural origins of the similar electrical properties stability could be of importance in both processing of
of C,N and DLC are, however, quite distinct. Electron en- multilayer structures and applications.
ergy loss spectroscop¥EELS) measurements of the carbon Diamondlike properties in addition to high electrical re-
in C,N samples exhibit ast7* transition at 285.5 eV char- sistivity are required for applications. For example, thermal
acteristic ofsp? hybridized carboiiFig. 2(a)].*® Quantitative management in multichip modules and reduced dimension
analysis of the EELS dathshows that the as-grown carbon devices requires insulating materials with high thermal con-
nitride sample contains-90% sp?-hybridized carbon, and ductivity. DLCs, which exhibit both large electrical resistiv-
that after annealing the carbon inIC is all (98%) sp?- ity and thermal conductivity, have been proposed for such
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