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ELECTRICAL AND OPTICAL PROPERTIES OF COPPERNITRIDE THIN FILMS
PREPARED BY REACTIVE DC MAGNETRON SPUTTERING
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Coppernitridefilms weredepositedby reactiveDCmagnetronsputteringontoglassandother
substratesin nitrogenatmosphere.Thickness,depositionrate, refractive index andoptical
bandgapenergy weredeterminedfrom reflectionandtransmissionspectroscopy depending
on thedepositionpressureandpower. Thecrystallographicnatureof films wasinvestigated
by x-ray diffraction. The films were further characterizedby photoelectronspectroscopy
(XPS) andmultiple internal reflection(MIR) infraredspectroscopy, wherethe presenceof
Cu� N nanocrystallinestructurewas confirmed. Considerablechangesof DC conductivity
andactivationenergy of thefilms beforeandafterannealingat 500

�
C werefound.

PACS: 72.20.-i,78.66.-w, 52.75.Rx

1 Intr oduction

TechnologicallyimportantbinarynitridesBN, AlN, Si� N� , WN, TiN known ashardandstable
compoundsareratherwell characterized.On the otherhandcovalentmetalnitridesasSn� N� ,
Cu� N andNi � N arelessknown but potentiallyimportantbecauseof theirsemiconductorproper-
tiesandanability to releasenitrogenat highertemperature[1,2]. They canbelocally metalized
by a laserbeam[3] whichcouldbeutilized in electronicindustry, printing technologyor in other
fields.

Cu� N hasa cubic anti-ReO� type crystalstructurewith a lattice constantof 3.815Å. Cu
atomsdo not occupy perfectlythesitesin (111)plane,sothecrystalstructurehasmany vacant
interstitialsitesthatcanbefilled by contaminantswith remarkablechangesof theelectricaland�
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opticalproperties[4]. The metastablephaseof Cu� N wasdescribedby Blucheret al. [5], and
epitaxialfilms werepreparedon differentsubstratesby rf sputtering[4,6].

ChemicallypreparedCu� N (reactingCuF� with NH� F) hasthedensity5.84g/cm� andadark
greencolor. Thermaldecompositionof Cu� N occursgraduallyabove350 � C. For thefilms [2,7]
it occursin maximumextentatabout465 � C. Electrical,opticalandmechanicalcharacteristicof
sputteredCu� N films werestudiedin [8,9].

However, the propertiesof coppernitride films, consideringtheir thermal instability and
sensitivity to contaminants,are not fully understood.In this study, the electricaland optical
propertiesof sputteredcoppernitride films werestudiedasa functionof nitrogenpressureand
dischargepower.

2 Experimental

Coppernitride films weredepositedusinga laboratory-madeDC magnetronsputteringsystem,
with a watercooledCu target100mm in diameter, 2 mm thick andnominally99.9%pure.The
target-to-substratespacingwas80 mm andthesputteringchamberwasevacuatedby oil pumps
with a backgroundpressureof 2.10	 � Pa. Depositionwasconductedin purenitrogenflow up
to 0.6 cm� /s, maintainingconstantpressure(from 0.85 to 4.5 Pa), discharge voltage(280 to
400V) anddischargecurrent(from 0.35up to 2.5 A), TableI. No externalheatingwasapplied
to theholderwith differentsubstrates(Silicon wafers,glass,Al foil andsomethinnerfilms on
polypropylenefoils). Before depositionthe target was sputtercleanedto remove oxidesand
contaminants.

TableI. Processandmaterialparametersof depositedcoppernitrides.

Sample N� pressure N� flow Power Dep. time Energy Thickness Dep. rate
[Pa] [cm� /s] [W] [min] [kWs] [nm] [nm/s/kW]

1 0.85 0.42 125 10 75 230 3.1
2 1.5 0.45 140 9 75 270 3.6
3 2.3 0.47 105 12 75 205 2.7
4 2.3 0.47 210 6 75 160 2.1
5 2.3 0.47 315 4 75 140 1.9
6 3.5 0.54 113 11 75 120 1.6
7 4.5 0.58 300 6 110 155 1.4
8 4.5 0.58 625 4 150 355 2.4
9 4.5 0.58 1000 2 120 320 2.7

Theamountof depositednitridewasestablished(ex situ) by weightingthecoatedspecimens
on a microbalanceand locally measuringthe thicknessby profile-meterDektak 3030, Veeco
InstrumentsInc. andalsoby interferenceof light in visible region. The reflectionspectraat
two differentanglesof incidentlight (18� and40� ) wereusedto determinetherefractive index
 of thenitride films [10] andthenthespectraat small incidentangle(18� ) for local thickness
determination.Reflectionspectra,aswell astheabsorptiononesweremeasuredby aPyeUnicam
spectrophotometer8800with reflectanceaccessories.

Microstructureof theas-depositedfilms wasstudiedby x-ray diffractionwith ������ scans
usingPhilipsPW1820powderdiffractometerwith CuK� , ��������������� nmradiationoperatingat
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Fig. 1. Pressuredependenceof thenormalizeddepositionratewith theapproximationcurve for 100W of
dischargepower (solid symbols).Opensymbolsandarrows indicatea changeof thedepositionratewith
thepower.

1.6kW (40 kV, 40 mA) with accuracy 0.015� of 2� . In orderto collimatethebeama setof slits
andmaskswereused.TheCuK� radiationwasattenuatedby a Ni foil filter betweenthex-ray
sourceandthesample.We useda 0.5� divergenceslit anda 2 mm brassmask,to limit thesize
of thex-raybeamonthesample.In front of thedetectortherewasa0.2mmantiscatterslit anda
0.5� divergenceslit followedby a Ge-crystalmonochromator. This arrangementeliminatesany
K � thathaspassedthroughtheNi-filter andalsoreducesfluorescenceeffectsfrom thesample.

Chemicalcompositionof thefilms wasstudiedby multiple attenuatedtotal reflection(ATR)
IR technique(also called MIR IR - multiple internal reflection)by spectrophotometerPerkin
Elmerusing45� TlJ/TlBr crystal(KRS-5) in MIR accessoryandtwo samplesweretestedalso
by x-ray photoelectronspectroscopy (XPS)Microlab 310-Fsystemwith a non-monochromated
MgK � (1254eV) x-raysource.

DC resistivity of the films wasmeasuredby a two electrodemethodin vacuumwithin the
temperaturescale,from 25to 170 � C, to determinetheactivationenergy of conduction, "! . The
electrodesweredepositedontothenitridefilm by vacuumevaporationof Al, positionedparallel,
with 8 mm distanceand75mm long.

3 Resultsand discussion

The color of as-preparedfilms wasdark reddish-brown (influencedby interferencenamelyin
the thinner case)and their thicknessvaried between0.12 and 0.36 # m (Table I). Calculated
depositionrate is normalizedto 1 kW of discharge power (Fig. 1). However, it is not fully
independentof depositionpower asshown by the arrows. At 100 W of the discharge power
depositionrate decreaseswith nitrogenpressureabove 2 Pa. Below 1.5 Pa the nitridation is
limited, depositionrateachievesa maximumaround1.5 Pa becauseof increasingincorporation
of nitrogeninto thefilm.

Therefractive index 
 , wascalculatedfrom theshift of interferencepatternextremesof the
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Fig. 2. Wavelengthdependenceof the refractive index of coppernitride films depositedon glassat two
differentpressures.Theinsetillustratestheshift of reflectionspectraatdifferentangleof incidentlight (for
sample4).
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Fig. 3. Nitrogenpressuredependenceof refractive index at 700 nm of the films preparedat 100 W of
dischargepower (thecurve) andathigherpower (thearrows).

reflectionspectraof nitride films depositedon glassandSi substratesby changingtheangleof
incidentlight, Fig. 2. Thepointscalculatedfrom theshiftsof the extremesareconnectedwith
thecubicsplineapproximationcurve. The index increasesrapidly below 600nm dueto strong
absorptionof nitride films. Thepressureanddischargepower dependenceof the index around
700nmis shown in Fig. 3, wheretheexperimentalpointsrespondingto films preparedat100W
areconnectedby anapproximationcurve. (Thearrows andopensymbolsindicatea changeof
the index with the depositionpower.) The valuesof $ in the insetof Fig. 2 are just relative
reflectance(measuredvalues).Sothevaluesof $ areratherlow, consideringthehigh refractive
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Fig. 4. A plot of %'&)()*,+.- vs. photonenergy, for bandgapenergy determination.Inset: Transmission
spectraof sampleset(7, 8, 9) onglass.
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Fig. 5. Opticalbandgapenergiesof nitridefilms preparedat100W, for directandindirecttransitions(solid
symbolsandcurves)vs depositionpressureof nitrogen.Opensymbolsandarrows indicatethegapchange
with thedepositionpower.

index of thefilm. Absolutevalueswould beapproximately2.3 timeshigher.
Thebandgapenergy  0/ wasderivedfrom theabsorptionspectraof nitridescoatedon glass

usingthe Taucplot for indirect (Fig. 4) an alsodirect transitionsin crystallinesemiconductors
[11],

132413576987576,: �<;>=�?A@CB 138D5 �< / 69E
where

8D5
is thephotonenergy,

2
is theabsorbanceandFG�H�JIK� and2 for theindirectanddirect

transitions,respectively. Bandgapenergies found at differentpressureanddepositionpower
(in Fig. 5, wherethe pointsareobtainedfrom Taucplots, respondingto 100 W of deposition
power areconnectedwith the splineapproximationcurve) aregenerallyhigher in comparison



40 M. Mikula et al

1400 1200 1000 800 600 400

20

40

60

80 shifted baseline (Al substrate)

Cu
3
N band

T
[%

]

wavenumber, cm
-1

Fig. 6. IR transmissionspectraof coppernitride film on Al substrate(sample4) takenby MIR technique
with KRS-5crystal.(T is transmitance.)

Fig. 7. XRD patternof coppernitride film (355nm)on glass.

with valuesreportedfor theCu� N phase(in [4] just for directandin [9] for the indirect transi-
tions). Higher  / canbe causedby a presenceof otherphasesthanCu� N, amorphousphases
andimpurities.

Thepresenceof theCu� N phasein our coppernitride films wasconfirmedby IR andXRD
spectroscopy. An absorptionbandaround640cm	ML wasclearly found in the IR spectraof all
films exceptthoseof samples1 and7 (Fig. 6). It is in agreementwith andvery closeto a value
of 643cm	ML of Cu� N singlebandreportedby L. Maya[1]. In thespectrumof sample7 theband
wassmall,andtherewasno bandobservedin sample1.

TheXRD patterns(Fig.7) clearlyexhibited(100)and(200)peaksof Cu� N structurereported
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Fig. 8. XRD patternof coppernitride films (samples7, 8, 9) on glass.
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Fig. 9. XPSspectrumof coppernitrideon glass(sample3)

in [4, 7] (d-spacing3.815Å. and1.905Å., resp.). The narrow singularpeakswould indicate
highly texturedfilms. However, the peak100 lies on a muchbroaderpeak(up to 35� ) that is
relatively higher in the caseof films preparedat lower pressuresandpowers. This may imply
that the crystallinity of the films is far from perfectthat could be expectedwhen the growth
occurredonanamorphousglasssubstrateat low depositiontemperatures.Filmsarecomposedof
crystallitesin nanometerscale.High pressureandhighdepositionratecauseahighertemperature
of substrateandcleanerprocesssothefilms of samples8 and9 aremoreordered(Fig. 8).

TheXPSspectrumof sample3 (Fig. 9) onglasssubstrateindicates,exceptCu,a low content
of N andalsoaconsiderablepresenceof O,andC.Thespectrumis takenfrom averythin surface
layer (about6 nm) of the nitride. This canbe causedby the instability of coppernitride or by
contaminationof films by pumpoils andresidualoxygen.
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Fig. 10. Electricalconductivity of sample8 beforeandafterannealing,asafunctionof inversetemperature.
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Fig. 11. DC resistivity of thefilms at25
�
C asa functionof depositionpressure,beforeandafterannealing

(up to 500
�
C). (Solidsymbolsandcurvesbelongto 100W of depositionpower, opensymbolsandarrows

to higherpower.)

Thenitride films wereratherstablemeasuringtheDC conductivity in thetemperaturerange
(25 � C - 170 � C).Theplotof NO=�PRQ 1 �JI�S 6 is almostlinear(seetheline in Fig.10),sotheactivation
energy of conduction(  "! ) can be calculatedby the Arrheniusequation. The sampleswere
annealedin anair furnacefor 20 minutesat500 � C to causethermaldecompositionof films and
to releasenitrogen. The changesof the conductivity and its activation energy after annealing
wereexpressive. DC resistivity at the room temperaturehasfallen down by several ordersof
magnitude. The activation energy decreasedalso remarkably, however, it remainedat a low
positive value. It meansthefilms did not changecompletelyto a metal. Somefilms, prepared
at lower pressuresandhigherpower (sample1, 4, 5) werea little destructedafterannealing,by
internalstressin thefilms.
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The changesof DC resistivity (Fig. 11) at room temperaturebeforeandafter annealingof
thefilms show that from thepoint of view of insulator/conductortransformationandof internal
stress,theoptimal films aretheonespreparedabove 3 Pa. (Thesplineapproximationcurve in
Fig. 11 connectsthe experimentalpointsrespondingto depositiondischarge power of 100 W.
The arrows andopensymbolsindicatethe resistivity of films preparedat higherpowers than
100W.)

4 Conclusion

Coppernitride films weredepositedby DC magnetronsputteringin purenitrogenontoglass,Si
Al andpolypropylenesubstrateswithout any externalheating. The thickness,depositionrate,
refractiveindex andopticalbandgapenergy, determinedby weightingandopticalreflectionand
transmissionspectroscopy, dependsensitively on thedepositionpressureandpower. Sufficient
nitridationoccursin our conditionsabove2 Pa. Thefilms werecharacterizedalsoby XRD, and
MIR IR spectroscopy, wherethepresenceof Cu� N nanocrystallinestructurewasconfirmed.X
ray diffractionmeasurementsshoweda texturedominated(100)orientedgrains.However, XPS
patternof onesampleindicatesthepresenceof oxygen,carbonandotherphases.Considerable
changesof DC conductivity and activation energy of the films beforeand after annealingat
500 � C werefound.Thebestresults(thehighestconductivity changesandcompactfilms without
stressalso after annealing)were achieved above 3 Pa. The conductivity is very sensitive to
plasmadischargeandgasflow conditionsduringpreparationthatmustbefurtherprecisioned.

AcknowledgmentsThis studywassupportedby Slovak ScientificGrantAgency, VEGA, Mi-
nistryof Educationof theSlovakRepublic,No. G 1/6156/99and1/7614/20.

References

[1] L. Maya:J.Vac.Sci.Technol.A 11 (1993)604

[2] L. Maya,M. Paranthaman,F. List, R. J.Warmack:J.Vac.Sci.Technol.A 15 (1997)2807

[3] M. Asano,K. Umeda,A. Tasaki:Jpn.J.Appl. Phys.29 (1990)1985

[4] T. Nosaka,M. Yoshitake,A. Okamoto,S.Ogawa,Y. Nakayama:Thin SolidFilms 348(1999)8

[5] J.Blucher, K. Bang,B. C. Giessen:Mater. Sci.Eng.A 117(1989)L1- L3

[6] S.Terada,H. Tanaka,K. Kubota:J.Cryst.Growth 94 (1989)567

[7] Z. Q. Liu, W. J.Wang,T. M. Wang,S.Chao,S.K. Zheng:Thin SolidFilms 325(1998)55

[8] T. Murayama,T. Morishita:J.Appl. Phys.78 (1995)4104

[9] F. Fendrych,L. Soukup,L. Jastrab́ık, M. Š́ıcha,Z. Hubička,D. Chostová,A. Tarasenko, V. Studnǐcka,
T. Wagner:DiamondandRelatedMaterials8 (1999)1715

[10] M. Mikula, J.Blecha,M. Čeppan,J.Pańak:Czech.J.Phys.45 (1995)1125
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