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Plasmadepositionof cubic boron nitride films from non-toxic
materialat low temperatures
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Abstract

Boron nitride has become the focus of a considerable amount of interest because of its properties which relate closely to those
of carbon. In particular, the cubic boron nitride phase has extreme hardness and very high thermal conductivity similar to the
properties of diamond. The conventional methods of synthesis use the highly toxic and inflammable gas diborane (B,H

6) as the
reactant material. A study has beei~made of the deposition of thin films of boron nitride (BN) using non-toxic material by the
plasma-assisted chemical vapour deposition technique. The source material was borane—ammonia (BH3—NH3) which is a
crystalline solid at room temperature with a high vapour pressure. The BH3—NH1 vapour was decomposed in a 13.56 MHz
nitrogen plasma coupled either inductively or capacitively with the system.The compositionof the films was assessedby
measuringtheir IR absorptionwhen depositedon silicon and KBr substrates.Thehexagonal(graphitic) and cubic (diamond-
like) allótropescan bedistinguishedby their characteristicabsorptionbandswhich occurat 1365 and780 cm ‘(hexagonal)and
1070 cm’ (cubic). We have depositedBN films consistingof a mixture of hexagonalandcubic phases~therelative contentof
the cubic phase was foundto be directly dependenton r.f. powerandsubstratebias.

I. Introduction sputtering[12—15],activatedreactiveevaporation[16—
22] andlaser-assisted[23]processes.A numberof work-

Boron nitride has hexagonal and cubic allotropes ers using plasma-assistedchemical vapour deposition
which are isostructuraland isoelectronicwith graphite (PACVD) havereportedsuccessin forming the c-BN,
and diamond respectively. Like graphite, hexagonal e.g. by PACVD thermallyactivatedwith a hot tungsten
boron nitride (h-BN) is the stableallotrope undernor- filament [24—28],electroncyclotron resonance(ECR)
mal conditionswhereascubicboronnitride (c-BN), like plasma CVD [29—35],plasma chemical transport[36]
diamond, is metãstable.They have somewhatsimilar and reactivepulseplasmaCVD [37—39].An exhaustive
propertiesto their carbonanalogues,e.g. h-BN is soft review can be found in two recentpapers[40, 41].
while c-BN has extreme hardness,chemical inertness, All theseattemptsweresi~ccessfulin producingpoly-
high resistivity, thermalconductivity andtransparency. crystalline films of c-BN, although predominantlyof a
However, with respect to diamond, c-BN is a fa- mixed nature with both cubic and hexagonal phases
vourablesuperhardmaterial that resistsoxidationeven present. Becausec-BN crystalline material exists in
at elevatedtemperaturesup to about 1600°C. equilibrium only at temperaturesabove 2000K and

Thus,becauseof thesedesirableproperties,the forma- pressuresabove 12 GPa,the formation of c-BN thin
tion of thin films of c-BN has beenintensively investi- films is very difficult undermorefavourableconditions.
gated,motivatedby their potentialfor hardcoatingsfor It appearsthat most researcherssucceededin the depo-
wear resistance,for high temperatureelectronicdevices sition of c-BN if the techniqueincluded the input of
and for optical coatings.Recently,significant progress additionalenergyfrom energeticions during thedeposi-
has beenmadein the experimentaltechniquesfor syn- tion process.Thegrowth of hardBN films requiresion
thesizing c-BN films using various types of chemical bombardmentduring the depositionto form the high
vapourdeposition(CVD) and physicalvapourdeposi- temperature,high pressuremetastablephase and to
tion (PVD). PVD techniqueshave yielded the most remove the soft h-BN phase. In PACVD. the ion
promising results so far. Successfuldepositionof c-BN accelerationis dueto negativeself-biasof the substrate
films hasbeenreportedusingion beamdeposition[1—7], by plasmaelectrons,by the r.f.-drivenvoltageswingsof
ion plating [8, 9], arc-like ion plating [10, 11], r.f. the plasma potential and, in some cases,externally

applied voltage.Thispaperreportsthe effectsof differ-
____________ ent plasma excitation, coupled both inductively and
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neering. Dublin City University. Dublin 9, Republic of Ireland. PACVD system.
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Although c-BN films havebeendepositedusingvan- Mirror-polishedsilicon substrateswereplacedontoa
ation of all the different techniques,many of the so far heatable,optionally biasedor groundedstainlesssteel
usedsourcecompoundshaveseriousdrawbacks,includ- support plate. The silicon wafers were etchedby 40%
ing serioussafetyproblemsdue to the toxicity and/or diluted HF acid, washedin deionizedwater and dried.
highly inflammable natureof the sourcecompounds. KBr was also usedas a substrateto confirm the c-BN
Again, to grow BN films at a relatively low substrate JR peak. Further, to minimize surface damage by
temperature,it is better to usesomeless thermodynam- highly energeticparticles,the substrateholder is placed
ically stable reactants. In a PACVD technique, the downstreamof the plasma zone, correspondingto an
averagetemperatureof the gas moleculesis maintained indirect PACVD process.The substratewasnot water
at a moderatevaluewhile the electronenergyis sufficient cooled.
to break the molecular bonds. This substitution of The chamberwas evacuatedby a two-stagerotary
electron kinetic energy for thermal energy in classical pump. The lowest possiblevalue of pressureproduced
CVD allows depositionat low temperatures. was less than 8 x 102 mbarandwas monitoredwith a

The reaction material in our system is a borane— Pirani gaugecalibratedfor nitrogengas.
ammonia (BH3—NH3) adduct which is an air-stable The temperatureof the substrateholder as well as
white crystalline solid at room temperaturebut is reactantholderwas measuredwith a Chromel—Alumel
volatile andcan be decomposedby the electronenergy. K-type thermocoupleattached to a digital micro-
It is considerablyeasierto handleand saferthan dibo- processorindicator.
rane, boric acid, borazine,boron trichloride or other
conventionalsourcecompounds. 2.2. Film growth

The presentauthorshave investigatedthe formation The chamber was evacuated to a pressure of
of c-BN films at low temperaturesby a r.f. PACVD 8 x 102 mbarand flushed with nitrogengas for about
techniquewithout usinganyexternalactivationsuch as 2 mm. The chamberwasre-evacuatedto S x l02 mbar.
a high substratetemperature,hot filament, magnetic The reactant, BH3—NH3, was heated at 35 °C for
field confinementor gas activation nozzle. 10 mm to evaporateits water content.After another

flush with nitrogen, the basepressureof 8 x 102mbar
wasattained.

2. Experimentaldetails The reactantwasevaporatedandintroducedinto the
r.f. plasma reactor with the carrier nitrogen gas.

2.1. Depositionsystem The working pressure was maintained constant at
The experimentalsystemused in this study is shown 0.7mbarwhenthe nitrogenflow ratewas 6.5 standard

in Fig. 1. It consists of a Pyrex glass bell-jar-type cm
3min’. Then BN films were depositedfor the de-

chamberwith an associatedpumping system. The di- sired time.
ameterof the tube at the reactantside is 3 in and that The film depositionwas carriedout with threetypes
at the substrateside is 6 in. of plasma excitation: inductively coupled plasmawith

Commercially available(Alfa Products)BH
3—NH3 is or without a d.c. substratebias and capacitivelycou-

evaporatedoutside the reaction chamberby using a pled plasma.In an inductively coupledsystem,the r.f.
resistance-heatingsystemand is introducedin the reac- coil was coupled to the r.f. generator through an
tor by using metered nitrogen as a carrier gas. The impedance-matchingnetwork. The substrate was
plasmais generatedby usinga 13.56 MHz r.f. genera- floatedor biasedby connectionto a d.c. supply. In the
tor coupledinductively or capacitivelywith the system. capacitivelycoupledsystem,the r.f. generatorwascon-
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Fig. I. Experimental system used for the deposition of BN films.
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TABLE I. Deposition conditions
20 W

Reactant Borane—ammonia (BH
3—NH3)

Carrier gas Nitrogen (N,)
N, flow rate (standard cm

3 min’’) 6.5
Working pressure (mbar) 0.7

100 W
r.f. power (W) 0—200
Self-bias voltage (V) 0—900 (negative) W

U
d.c. bias voltage (V) 0-400 (negative) z iso
Substrate temperature (‘C) 48—180
Deposition time (mm) 45—60
Film thickness (tim) 0.5—1.5

z
nected to the substratethrough a matching network I-
and a blocking capacitor.For the inductively coupled
system,the r.f. powerwas variedfrom 0 to 200 W. For
the d.c. excitation, the negatived.c. bias was varied
from 0 to 400 V while the r.f. powerwas kept constant
at 20 W. In the capacitively coupled excitation, the
negatived.c. self-biaswas varied from 0 to 900 V. The
depositionconditionsare summarizedin Table 1. ‘‘‘‘

The films were then studiedusing JR spectrometry ~ 3000 2000 1000 1200 000

which was carriedout on a Perkin—Elmer983G spec-
trometerin the transmittancemode in the range 600— WAVE NUMBER IN cm’
4000 ~ using a bare etched silicon wafer as a (a)

reference.
0.7 - _____________________________________________

3. Results and discussion 0.6 -

BN films up to 1.5 jim thick weredepositeddirectly
0.5 -

on silicon and KBr substrateswith a depositionrate
about l5OAmin’.

0.4-
The structural investigationof BN films was mainly ~

/basedon JR spectroscopy.An JR spectrumof the c-BN ‘...crystal shows a strong absorptionnear 1070cm’ due ~to the reststrahlenband(transverseoptical mode). Theh-BN phaseresultsin a distinct andstrong,asymmetri- 0.2cal band near 1365cm ‘, which is attributed to B—Nbond stretching (in-plane vibration), and a weaker o.i

sharper band near 780 cm~,which is attributed to
B—N—B bond bending (out—of—plane vibration). The 0.0
relative content of cubic to hexagonal phasewas ob- 0 50 100 150 200 250

tamedby the intensity ratio of the IR absorptionbands RF~POWER, WAITS
at 1070 cm’ and 1365 cm—’ respectively,sincethe ab-

(b)sorption intensity is a function of the film thickness.
This methodwas usedby othergroupsalso [15, 18, 27]. Fig. 2. (a)IR absorption spectra of BN films prepared by varying the
The intensity was evaluatedby the peak height two- r.f. power coupled inductively with the system. (b) The intensity ratio

as a function of inductively coupled r.f. power.
point baselinemethoddescribedin ref. 42.

The IR spectraof mostof our films containa strong
absorption band at 1365 cm ‘, a medium band at 1070cm’ was increasedand became sharper. Al-
1070cm-’ anda weakerbandat 780 cm-’. Figure 2(a) thoughthe shapeandintensityof the in-planevibration
shows the intensity of the JR absorptionbandof BN of h-BN phasedid notexhibit any considerablechange,
films preparedby varying the r.f. powercoupledinduc- the peak was shifted to a lower wavenumberfrom
tively with the system. No c-BN peak was detected 1428cm’ at 20Wto 1365 cm’ at 200W.The out-of-
whenan r.f. powerof less than 20 W wasused.As the plane vibrational peak was sharperat lower powers
power was increased, the c-BN peak intensity at than that at higherpowersandalso it shifted to a lower
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Fig. 3. (a) IR absorption spectra of BN films prepared by varying the Fig. 4. (a) IR absorption spectra of BN films prepared by varying the
d.c. substrate bias (inductively coupled r.f power. 20W). (b) The r.f. self-bias voltage at the substrate. (b) The intensity ratio as a
intensity ratio as a function of d.c. substrate bias. function of r.f. self-bias voltage.

wavenumber.This frequencyshift indicatesa weakened increasethe volume fraction of the cubic phase, as
B—N bond and the broadeningindicates an average shown in Fig. 2(b).
decrease in the orderingof boronandnitrogenatomsto Figure 3(a) shows the JR absorptionspectraof BN
form B—N bonds. This is explainedas follows: a high films depositedby varying the negatived.c. bias applied
powerplasmainvolveshigh concentrationsof energetic at the substrate.The c-BN peakat 1060cm-‘ showed
nitrogen ions which etch the hexagonal phase and increasingintensity and sharpnesswith the increasing
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bias,but the hexagonalpeaksdid not show any signifi- 175 ;75

cant change in peakshift or intensity. Owing to high ~ pressure= 0.7 mbar
ionization of the plasma, it was not possible to go z ~ tt~.t, temperature ‘ 150

beyond 400 V. Figure 3(b) shows the IR absorption ii power

ratio as a function of d.c. bias voltage. 125- ‘ 125

In the capacitively coupled system, no c-BN peak ~ z

could be detectedat a substratebias of less than 70 V. W 100 ‘ 100

As the bias was increasedto 600 V, the c-BN peaknear ~
1070 cm’ increased considerably. The film contained ~ 75 —..-.... 75

mixtures of hexagonaland cubic phaseswith a larger ~
hexagonalpeak,as illustratedin Fig. 4(a). After 600 V. ~
the c-BN peak is more or less constant.The shape, ~ 25 25

intensityandpeakshift of the out-of-planeandin-plane “~

vibrationsoftheh—BNphasewerefoundtobedepen—
dent on bias voltage. At low voltage, the in-plane 0 -200 -400 -600 -800 -1000

vibrationalpeakwasat 1363cm’ andwassplit. As the SELF-BIAS VOLTAGE, VOLTS

bias voltage was increased, it shifted to a lower Fig. 5. The relation between the substrate temperature and r.f. power

wavenumber (1278 cm’ at 900 V), the intensity was with the r.f self-bias voltage.

decreasedand the shapebecamemore roundish. The
out-of-planevibrational peak was very sharp at low
voltages.As the bias was increased,it also shifted to a strength is lower than the B—H bond strength (3.2eV
lower wavenumber,becamebroaderand nearly disap- comparedwith 3.5 eV), removal of nitrogen-bonded
pearedafter 600 V. The c-BN peakexhibitedno signifi- hydrogenfrom the films will be relativelyeasier.
cantshift but becamesharperat highervoltages.This is Figure 5 illustrates the influence of r.f. self-bias on
explainedas follows: the shifting to the lower wavenum- the substratetemperatureof the stainless steel sub-
berand broadeningof the peakindicatethe decreasein strate; the correspondingr.f. power is also shown. In
the absorptionstrengthof the lattice vibration of the both coupling systems,the substratetemperaturewas
hexagonalphase.In agreementwith ref. 31, thesefacts increased,although the highest temperaturedid not
show that the ions acceleratedby self-bias to the sub- exceed150 ~C.The highesttemperaturefor the induc-
stratesputterselectivelythehexagonalgrainswhich have tively coupled system was 115 °Cat a r.f. power of
c-axis alignment.The growth of the hexagonalphaseis 200 W.
resisted.At the same time, the volume fraction of the The adhesionof the films was stronglydependenton
cubic phaseincreases,as shown in Fig. 4(b). bias voltage and r.f. power. Films depositedat a low

The signal at 1070cm’ is very close to the Si—O bias anda low r.f. poweradheredwell to the substrates.
bond vibrationalwavenumber1103cm-i, which is typi- In contrast, the films, depositedon silicon wafers using
cal for silicon dioxide film IR spectra.To identify the a high bias or a high power, tendedto debond and
peak unambiguously,we deposited BN films for all break into minute fragments following exposure to
types of plasmaconditionson KBr. In additionto the atmosphericenvironments.It is believed that a high
hexagonal peaks, we detected the c-BN peak at residualstressin the films causesthis result.
1090cm’.

A sharpweak peakat 3430cm’ was also observed
in all our films. This peakis attributedto N—H stretch- 4. Conclusions
ing vibrations, since the N—H peakis sharperthan the
0—H peak (owing to intermolecularly bonded 0—H We havedepositedBN films consistingof a mixture
groups)which also occursin this region[43]. This N—H of h-BN and c-BN using the BH3—NH3 adduct as a
vibration was found to be increasedslightly with r.f. source material in a PACVD system. The films are
powerand d.c. bias but exhibitedno significant change likely to contain crystallitesof the cubic phaseembed-
up to 500V r.f. self-biasbeyondwhich the sharppeak ded in a predominantlyhexagonalmatrix. Using only
was found to be superimposedon a broad peak. It r.f. poweror substratebias,it wasnot foundpossibleto
seems that films grown above 500 V might contain depositfilms which were entirely composedof c-BN,
some 0—H group. At low substrater.f. biases,a very althoughit was shownthat the relativeamountof c-BN
weak broad peakat 2519cm-‘, characteristicof B—H wasdirectly dependenton r.f. powerand substratebias.
stretching,wasalso observed,but it disappearedafter a The low substratetemperatureand non-inclusion of
300 V r.f. self-bias.No such peak was observedin the any otherparticleenergysourcemaynotbe sufficientto
inductively coupled system. Since the N—H bond deposit hydrogen-freepure c-BN films in a PACVD
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