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AMORPHOUS CARBON NITRIDE FILMS: STRUCTURE AND ELECTRICAL
PROPERTIES

�

G. Radnóczi,G. Sáfr án, I. Kovács,O. Geszti,L. B�́r ó
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Theeffect of depositiontemperatureandN � gaspartialpressureon themorphology, struc-
ture,compositionandelectricalpropertiesof CN� thin �lms wasstudiedby HRTEM, EDS,
STM andSTS.Morphologyrangingfrom homogeneouslayersthroughsphericalor cylindri-
cal particlesembeddedinto the �lms to low densityglobular depositof CN� wasobserved
asa functionof theappliedN � gaspressure.TheN-compositionwasfoundbetween1-20%
and the structurevaried from amorphousthroughfulleren-like to nanocrystallinediamond
composedwith amorphousCN� dependingon thetemperatureandtheplasmaparameters.

PACS: 73.61.-r, 68.55.-a,68.60.-p,73.50.-n

1 Intr oduction

ThepredictedC� N � compoundof highhardnessandtoughness[1] canbeapromisingcandidate
for hardcoatingsandtribological applications.Either the stochiometricform or variouscom-
positionsof CN� thin �lms might be of high technologicalandscienti�c interest. These�lms
werefoundto have distortedgraphite-like structureconstitutedof buckledsp2-hybridizedCN�

planescross-linkedby sp3-hybridizedbonds[2]. Thebuckling is attributedto theincorporation
of pentagonsin thebasalplanesof thegraphite-like structure,dueto thepresenceof N atoms.
In ourexperimentsCN� �lms werepreparedby theinteractionof carbonvaporandthenitrogen
plasmageneratedby aDC arcbetweentwo graphiterods.

2 Experimental

CN� thin �lms werepreparedin highvacuumbyevaporationof C fromapairof graphiterodsin a
DCarckeptin N � pressuresupto1 mbaronto(100)Si,NaCl,HOPGandquartzplateletsbetween
room temperatureand 800

�

C. An additionalDC plasmawas ignited above the substratesin
someexperiments.Thesampleswerecharacterizedby transmissionandhighresolutionelectron
microscopy (TEM andHREM), X-ray microanalysis(EDS)[3], scanningtunnelingmicroscopy-
andspectroscopy (STEMandSTS)andelectricalresistancemeasurements.
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3 Resultsand discussion

3.1 In�uence of the N � pressure

Depositionat ambienttemperatureandbelow 0.05 mbar revealeda homogeneousamorphous
structure.At 0.1mbarN � pressureinhomogenitiesappearedin theform of acolumnarstructure.
The columndiameterwasaround10 nm. Inside the columnsa fringe like contrastof curved
graphitelike platesappeared.The estimateddistancebetweenthesefringesis around0.5 nm.
The sizeof the orderedregions is smalleror the sameas the column diameter. At 0.3 mbar
N � pressuresmall (around10 nm in diameter)balls andcylinders of CN� formedalreadyin
theatmosphereandfell onto thesubstrateembeddinginto the forming layer, creatinga further
morphologicalinhomogenity.

3.2 In�uence of the depositiontemperature

The�lms formedatroomtemperaturearehomogeneous,exhibit amorphousstructure,while they
have a transitionalstructurein the rangeof 200-600

�

C substratetemperatureanda structure
containing�ber -like nanocrystalsof 1 nm in diameterand about10 nm in length formed at
about800

�

C. In thelastcasetheSAED patternshowedcrystallinerings,correspondingto 111
and220 re�ections of diamond.The temperaturedependenceof thestructuredoesnot change
stronglywith thecompositionof theresidualatmosphereduringdeposition(N � or air). The�lms
preparedat 0.1mbarN � pressurecontained5 at.% N, 1.5at.% N and1 at.% N whenprepared
atambient,about600

�

C andabout800
�

C substratetemperature,respectively.
Fig. 1 representsa HREM imageof a fulleren-like CN� cylinder consistingof concentric

multiwall tubesof bentgraphiteplanes,whicharetypical besidebucky onionsin �lms prepared
at elevatedN � pressures.The STM imagein Fig. 2a shows spheresandcylindersof CN� of
variousheightsassembledalonga straightline. Theseobjectsareassumedto beresponsiblefor
the enhancedelectronemissionof CN� �lms measuredby STS.I-V measurementsrevealeda
bandgapof 1 eV in a-CN� layerscomparedto 0.6eV characteristicof thea-C�lms [4].

Theelectricalresistancemeasurementsof theCN� �lms show Arrheniustypeof temperature
dependence.In Fig. 4 the TEM imageand
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plot of a purecarbon�lm is
shown. As wecanseeontheTEM imagethe�lm is homogeneous,noremarkabledefectsrelated
to the morphologywere observed which meansthat zoneof localizedstatesmust be narrow
insidebandgap.This assumptionis supportedby thefactthatonly two regionson theArrhenius
plot canbeseparated- the �rst correspondingto thehigh- andthesecondcorrespondingto the
low-temperatureprocesseswith activationenergies0.37and0.01- 0.03eV respectively. The�rst
regionis relatedto theexcitationof chargecarriersin zoneof highmobility. Thesecondregionis
relatedto theconductionby carriersin thelocalizedstatesandcharacterisedby activationenergy
of jumpingfrom onedefectto anotherin thenearestneighborhood.

In Fig. 5 theCN� �lm depositedat roomtemperatureand0.05mbarN � pressureis shown.
TheN contentof the �lm measuredby XPSwasabout5 at.%. Thestructureis amorphousbut
differentfrom purecarbon�lm. In this �lm, ascanbe seenon theTEM image,large number
of defectswereobserveddueto columnargrowth which meansthat localizedstateswith wide
rangeof energiesmustexist in the bandgap.Thereforethe low-temperatureregion cannot be
interpretedsoclearly. Thehigh- temperaturerangeasin thecaseof purecarbon�lm is relatedto
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10 nm

Fig. 1. HRTEM imageof CN� �lm, deposited
onto NaCl substrateat 0.1 mbarpartial pressure
of N �

atambienttemperature.

Fig. 2. STM imageof CN� �lm depositedonto
HOPG substrateat ambienttemperatureat 0.1
mbarN �

partialpressure.

Fig. 3. STSI-V measurementof the�lm.

theconductanceby carrierswith energiesin thehigh mobility zone.Theactivationenergy 0.75
eV obtainedfrom theplot in this caseshows themobility bandgapof the�lm which is different
from densityof states.
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Fig. 4. Plan view bright �eld TEM imageof 30 nm thick C �lm on NaCl substratedepositedat room
temperatureandtemperaturedependenceof theelectricalresistanceof the�lm.
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Fig. 5. Plan view bright �eld TEM imageof 30 nm thick CN� �lm on Si substratedepositedat room
temperatureandN

�
pressure0.05mbarandtemperaturedependenceof theelectricalresistanceof the�lm.
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Fig. 6. Plan view bright �eld TEM imageof 60 nm thick CN� �lm on Si substratedepositedat tem-
perature800 � C andN � pressure0.05mbarandtemperaturedependenceof theelectricalresistanceof the
�lm.

In Fig.6 theCN� �lm depositedat temperature800
�

C and0.05mbarpressureis shown. The
N contentof the �lm measuredby XPSwasabout1 at. %. The �lm hasa structurecontaining
�ber -like nanocrystalsof 1 nm in diameterandabout10 nm in length. In this casethe SAED
patternshows sharperrings,correspondingto 111and220re�ectionsof diamond.Two regions
canbe separatedon theplot of
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- the �rst betweenroom temperatureand
230

�

C with activationenergy 0.11- 0.16eV andthesecondbeetwen230
�

C and550
�

C with
activation energy 0.77eV. The activation energy in high temperaturerangeasin previous two
samplescorrespondsto themobility bandgap.Theactivationenergy measuredat lower tempera-
turesis sumof two values:energieof excitationof chargecarriersin localizedstatesandenergy
of jumpingcarriersbetweenlocalizedstates.ThelastmustbearoundkT which is in this range
0.02- 0.04eV. Thereforezoneof localizedstatesis about0.1eV.

4 Conclusions

Structuresrangingfrom homogenousC �lms to isolatedsmall spheresandcylinders of CN�

weredetectedin thedeposits,obtainedat roomtemperatureconditionsandatdifferentpressures
of N � . Up to 20 at. % N could be incorporatedinto these�lms. With increasingN � pressure
duringdepositionthe �lms becomedifferentfrom graphitelike, andarelight yellow, optically
transparent,while their nanoscalestructurebecomesmoreordered.We assumethatmulti-wall
fullereneparticlesembeddedinto the CN� �lms can result in an enhancedelectronemission
comparedto purea-carbonlayers.
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Increasingthesubstratetemperatureleadsto furtherorderingandformingdiamondnanocrys-
talsof whisker like shape.Theelectricalresistancemeasurementresultssuggeststhesemicon-
ductorlike electronicstructurewith highdensityof localizedstatesin CN� �lms.

AcknowledgmentsThesupportof theprojectsOMFBEU-98-B4/145andOTKA grantsT030424,
T030435is acknowledged.

References

[1] A. M. Liu, M. L. Cohen:Science245(1989)841
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