Surface composition of BN, CN, and BCN thin films

A. Tempez, N. Badi, and A. Bensaoula®
Space Vacuum Epitaxy Center, University of Houston, Houston, Texas 77204-5507

J. Kulik
Texas Center for Superconductivity, University of Houston, Houston, Texas 77204-5932

(Received 6 November 1997; accepted 19 June 1998

Boron nitride(BN), carbon nitride(CN), and boron carbon nitrideBCN) thin films were deposited

on sapphire and silicon using ion beam and electron cyclotron resonance plasma assisted physical
vapor depositionln situ Auger electron spectroscopy was used to investigate the effect of different
growth parameters and postgrowth processing on the thin film surface composition. The bulk
composition was determined by electron energy loss spectroscopy and electron microprobe analysis.
Both BN and CN films show thermal stability up to 900 and 700 °C, respectively. Low growth
temperatures favor nitrogen incorporation in CN films and the optimum temperature for
quasistoichiometric BN is between 450 and 600 °C, depending on the nitrogen sourc&8980
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[. INTRODUCTION ous reports on obtaining boron carbon nitrides in a variety of
chemical processes using different precursors, there is still a
The need to realize devices which reliably operate in exiack of evidence that all or, at least, some of the reported
treme environments requires the development of novel mag_c_N materials are substitutional solid solutions of all
terials with appropriate properties. Owing to its excellentthree elements rather than mechanical mixtures of graphite
thermal conductivity and wide band gap, cubic boron nitrideand hexagonal boron nitride both turbostratically distorted.
(c-BN) is a promising candidate for the fabrication of UV There are few speculations on this particular matter along
detectors and high temperature electronic devices. The exgith a selection of approaches suitable for deciding or, more
treme hardness of-BN and the predicted hardness of the precisely, guessing the nature of the compounds obtained.
hypothetical compoung-C;N, (Refs. 1 and Pmake them  Thys it is likely that, with this object in view, an accumula-
ideal for hard/inert coatings. Recent research has therefokgyn of additional data from various experimental techniques
focused on understanding the growth of these materials igre needed.
thin film form. Interest in their tribologicalhigh hardness, In this article, we report on the synthesis of BN, CN, and
low friction), chemical(inertnes$ and electrical properties BCN thin films using ion beam and electron cyclotron reso-
requires the understanding and the control of these propefrance(ECR) plasma assisted physical vapor deposition. We
ties. So far it is impossible to prepare pure single-phasgescribe the effect of growth parametéis., ion beam cur-
c-BN and 8-C3N, thin films. Usually it is reported that the rent and energy, growth temperatuom the surface stoichi-
difficulty in their synthesis stems from nitrogen incorpora- ometry of the deposited thin films. The stability of the thin

tion and phase control. However, several researchers haygm surface under high vacuum annealing is also reported.
succeeded in the synthesis of thin films containing small

crystals of c-BN under low pressure, by physical vapor

deposition(PVD) or chemical vapor depositiditVD) meth- Il. EXPERIMENTS

ods. The use of deposition techniques that supply energetic BN, CN, and BCN thin films were grown in a high
particles during growth is recognized to be essential to th¢acuum reactor equipped with an Auger spectrometer. High
synthesis ofc-BN thin films. Such methods include dual Purity graphite and boron were evaporated by electron beams
ion-beam depositionr* plasma-enhanced chemical vapor and controlled by a quartz crystal monitor rate. The nitrogen
depositiort® e-beam evaporation of boron combined with SPecies were delivered by two sources fed with high purity
N,/Ar ion bombardment; L°rf sputter deposition of hexago- (99.9999% N,: a gridless End Hall ion sourcé€Common-

nal BN (h-BN) with rf substrate bid$ and ion beam as- wealth Scientific Mark I} and an electron cyclotron reso-
sisted pulsed laser depositihas for CN, even though sev- Nance (ECR-ASTEX plasma source. The End Hall ion
eral group$'° claimed the synthesis of small grains of Source provides nitrogen species with energy from 20 to 100
B-CsN, embedded in an amorphous matrix, CN films are€V and ion beam current from 30 to 300 mA. The ECR
usually amorphous and nitrogen deficient. The boron carbofiource operates at 2.45 GHz and a power from 0 to 250 W.
nitride (BCN) alloy is also regarded as a potentially interest- This power range defines the kinetic energy raffgem 4 to

ing material because of the structural similarity of graphite20 €V) of the nitrogen species. The,Mow through the ECR

andh-BN as well as diamond antBN. Despite the numer- source(varied from 2 to 5 sccinis proportional to the flux
density of the nitrogen beam. In ion-assisted deposition, the

aAuthor to whom all correspondence should be addressed; electronic maiﬂitrogen beam U_SGd in_ the %Xperiment consists of a mixture
bens@ijetson.uh.edu of N, and N" with typical N;/N*=6. In the ECR plasma
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source, and beside the radical species, approximately 10% of
the molecular nitrogen gas is converted into atomic nitrogen.

BN, CN, and BCN thin films were deposited on 1-in.- 0.72
diam sapphirg 0001 and silicon(001) oriented substrates.
Prior to deposition, substrates were degreased using standard
solvents, etched in an acid solutigdF and BSO,/H;PO,
for silicon and sapphire, respectivglyinsed in de-ionized
water, and dried with Ml The substrates were degassed
situ at 850 °C for 15 min at 10° Torr. The pressure during 0.64
deposition was in the mid 1¢ Torr image.In situ Auger
electron spectroscop§AES) measurements were performed

0.68

N/B

to check the cleanliness of the substrate prior to deposition 0.60 ' !

and to determine the postgrowth surface composition. The 60 110 160 210
relative atomic composition of the films was calculated from

peak heights of the Auge£LL boron, carbon, and nitrogen Ion beam current (mA)

transitions. Th'.Ckness was measured b)aastep prOfllome' Fic. 1. N/B atomic ratio as a function of the nitrogen ion beam current. The
ter. Electron microprobe analySiEMPA) as well as electron BN films are deposited at 500 °C and with a 40 eV nitrogen ion beam.

energy loss spectroscoplfELS) were usecex situto deter-
mine the bulk stoichiometry of the thin films.

First, experiments were carried out to find out the evapo- . . . . .
ration rates for carbon and boron to maximize the nitrogeﬁnvesugated' The nitrogen ion beam conditions were fixed at

content. In this case, the End Hall ion source was used fo}gg mA and 62 ev. For the ECRdSOl::CG’ %fN’W of ,3 scem
nitrogen delivery. For both BN and CN, the ion beam curren2d @ Power of 75 W were used. These data points are pre-
and energy were varied between 50—110 mA and 30—60 e\P€Nted in Fig. 3. The best surface stoichiomed§% N is

respectively. An evaporation rate of approximately 0.1 A/Sreached at 450 °C with the End Hall ion source and 600 °C

for both carbon and boron yielded the maximum surface ni-WiFh th_e ECR soyrcéFig. 3. _The hitrogen surface compo-
ition is a complicated function of temperature. In order to

trogen content. Thus, for BN and CN, B and C evaporation(sj X he oh f d ited il :
rates were maintained at 0.1 A/s, giving thin film deposition etermme_t e phase of our deposited BN hms, Fourier
rates of approximately 100 nm/h for BN and 25 nm/h fortransfor.m mfraredF'I_’IR) measurement.s were carried out on
CN. The thickness of both BN and CN thin films rangesa;],Bl'(\I f||rr]n grown W'th thﬁ End_ H"’F” 'on sourcéZ_SOObA
from 100 to 400 nm. No effect of the incidence angle of thet, Ic % Tde spectr(‘jum IS S,rgwn |r|1 Fig. 4. Two m?]'_n a saorp—
End Hall nitrogen beam relative to the substrate on the surfon bands aroun 1380 cm (in-plane B-N stretchingan
face composition was found. 780—840 cm™ (out-of-planeB—N—B bending are charac-

teristics ofh-BN. The first band was broadened and shifted

toward lower wave numbers. An additional band at 1080
1. RESULTS 1 .

cm - could be attributed to the-BN phase. Thec-BN
A. Boron nitride phase concentration in this film is estimated to about 30%.

To study the effect of the energy of the nitrogen beam on
the surface composition, two films were deposited at 500 °C
with the End Hall ion source using 40 and 60 eV at 190 mA 0.80
total current, and two films were deposited at 450 °C with
the ECR source using a power of 70 and 200 & 8 sccm
N, flow. For both sources, the effect of the nitrogen beam 0.70
energy on the surface stoichiometry was not significant. The
influence of the End Hall ion beam current on the BN surface
composition was studied in the 30—200 mA range. Figure 1
shows the results of the experiments performed for a nitro-
gen ion beam energy of 40 eV and a deposition temperature
of 500 °C. The surface nitrogen content increases with the 0.50
nitrogen ion beam current up to 110 mA to reach 42% of
nitrogen and then remains essentially constant. With nitrogen

0.60

N/B

delivered by the ECR source, two sets of experiments were 0.40

performed at a fixed power of 75 W, and at temperatures of 2 3 4 5 6
450 and 500 °C. Figure 2 shows that, for both temperatures,

the nitrogen content slightly increases in the 2—4 sccm range Nitrogen flow (sccm)

and then dl’OpS for 5 sccm. The optimum nitrogen II’lCOFpO-FIG. 2. N/B atomic ratio as a function of the,Nlow through the ECR.

ration (41%) is reached for a BJﬂOW_ of 4 sccm. The influ-  comparison for BN thin films grown at 450 °@\) and 500 °C(CJ). The
ence of the growth temperature using both sources was alSims are deposited using an ECR power of 75 W.
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Fic. 3. N/B atomic ratio as a function of growth temperature. Comparison

for BN thin films grown using the ECRA) and End Hall ion(CJ) sources.

The nitrogen ion beam current and energy were 190 mA and 60 eV, resped¥G. 5. Surface thermal stability of BN and CN thin films: surface nitrogen

tively. The ECR is set at 75 W and the, low at 3 sccm. content vs the annealing temperature. The data fofBNare from a film
grown at 450 °C, using the End Hall ion source at 60 eV and 190 mA as
nitrogen beam energy and ion beam current, respectively. Comparison for

g : : 1.~ CN films grown using the ECR source at R#), 450 (O), 650 (®), and
The SL.”face thermal St.ablhty was investigated for a fIIm800 °C(A). The ECR is set at 80 W and the, llow at 4 sccm. The first
grown using the End Hall ion sourQat a beam energy of 60 point of each plot represents the composition of the as grown film.
eV and a beam current of 270 mAt a growth temperature

of 450 °C. As shown in Fig. 5, the BN film surface compo-

sition was stable over the temperature range 450—-950 °C. the growth temperature on CN surface composition was also
studied for both sources. As shown in Fig. 8, for both nitro-
gen sources, low deposition temperatures give a higher in-
As in BN’ the inﬂuence Of the nitrogen energy’ for either Corporation Of nitrogen. We fll’ld alSO that the ECR source
source, on the CN surface nitrogen content is insignificantyields films richer in nitrogen as compared to the End Hall
The dependence of the nitrogen content on the ion bear®n source. The highest nitrogen contét%) was achieved
current in the 30-200 mA range is shown in Fig. 6. Theat room temperature with the ECR source.
surface nitrogen content in CN thin films increases sharply In order to study the thermal surface stability of CN thin
with the ion current up to 60 mAreaching 15%and then is  films, experiments were carried out on CN films deposited at
relatively constant. The effect of the nitrogen flux from the the optimized ECR condition6880 W and 4 sccmand at
ECR plasma on the surface stoichiometry was studied fofemperatures from RT to 800 °C. Figure 5 summarizes these
CN films grown at a fixed powe(ISO VV) and at room tem- results. The CN films are thel’ma”y stable up to 700 °C. A
perature(RT). As shown in Fig. 7, a maximum of 27% ni-
trogen was reached at a Mow of 4 sccm. The influence of

B. Carbon nitride
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Fic. 4. FTIR spectrum of a BN thin film deposited with the End Hall ion Fic. 6. N/C atomic ratio as a function of the nitrogen ion beam current.
source(190 mA and 60 eYat 500 °C. These CN films were grown at 500 °C and using a 60 eV nitrogen ion beam.
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Fic. 7. N/C atomic ratio in CN films as a function of the flow through the %B

ECR source. These CN films are deposited using an ECR power of 80 W

and at room temperature. Fic. 9. Nitrogen(O) and carbor(J) contents in BCN films as a function of
the boron content. The boron evaporation rate was varied up to 0.1 A/s and
the growth temperature maintained at 500 °C. The nitrogen End Hall ion

nitrogen loss is observed around 800 °C. The relative nitroPeam energy and current were 60 eV and 190 mA, respectively.
gen loss, from annealing at growth temperatures up to
800 °C, of the CN thin films deposited at different tempera-

tures decreases with increasing growth temperatures—fror{ri\/e'y and the growth temperature was 500 °C. A boron ni-
48% at room temperature to 33% at 650 °C. Figure 5 ShoWgjye |ayer was deposited first under the same conditions and
also that an annealed specimen grown at low temperatuigs .omposition as measured by AES was found to have a
always contains more nitrogen than the film grown at theyg— g 63. As shown in Fig. 9, the surface nitrogen content

same annealing temperature. increases with the boron concentration. Using the above ion
beam conditions, BCN thin films were deposited at constant
C. Boron carbon nitride boron, carbon, and nitrogen rates but at different tempera-

In the case of BCN film deposition, the carbon sublima-tures.(RT t0 700 °Q. The _surface hitrogen content was found
to slightly decrease with the growth temperature, from

tlon_ rate was 0.1 A/s Wh_lle the boron _evaporatlon rate WaSo cor at room temperature to 35% at 700 °C.
varied. For these experiments, the nitrogen End Hall ion
beam current and energy were 190 mA and 60 eV, respec-

IV. DISCUSSION

0.4
In the case of BN, both nitrogen sources gave a similar

surface composition, with a maximum nitrogen concentra-
tion of 43%. In the case of CN, the surface is more nitrogen
deficient, and is far from the desired stoichiomefmymaxi-
mum of 22% and 27% nitrogen with the End Hall ion and
ECR nitrogen sources, respectivelifor CN thin film depo-
02t sition, the ECR source was more efficient than the End Hall
ion source. The End Hall ion source was however superior
for the production of BN thin films with good adhesion char-
01 b B acteristics. Delamination of ECR-deposited BN films was
usually observed after air exposure. Although no information
on residual stress in our thin films is available, high flux
bombardment from an energetic ion beam is most likely re-

N/C

0 ' ' ' sponsible for the enhanced adhesion properties of the films.
0 200 400 600 This is even more relevant in the case of Si substrates where
Temperature (C) exposure to a nitrogen beam results always in the formation

of a thin silicon nitride layer which can significantly reduce

Fic. 8. N/C atomic ratio as a function of growth temperature. Compariso : e
for thin films grown using the ECR)) and End Hall ion(A) sources. The "the adhesion characteristics of the surface. Our data suggest

nitrogen ion beam current and energy were 30 mA and 60 eV, respectivel;x.hf'it the End Hall ion source appears to be a QOOd compro-
The ECR was set at 80 W and the flbw at 4 sccm. mise between the Kaufman-type ion source which delivers a
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more energetic beam that causes damage and significant mentent'® When compared to other deposition techniques,

sputtering, and an ECR source which delivers a very lowhigh vacuum methods should prove superior for these appli-

energy plasma flux. cations since the control and monitoring of the surface com-
As far as BCN thin film is concerned, the surface nitrogenposition can be easily implemented.

content increases with the boron concentration. We found

that the N/B ratio in this ternary is always higher than theV. CONCLUSIONS

one determined from BN thin films grown under the same The effect of growth parameters on the surface composi-
conditions. Assuming that the nitrogen excess is allocategyn of BN. CN. and BCN has been determined ibysitu
within C-N bonds, BCN thin films might achieve Gike  AEg measurements. In both BN and CN thin films, the
materials with higher nitrogen content than those attainablgyowth temperature is the strongest factor controlling the
in binary CN compounds. CN compounds with & maximumg,iface composition. Adherent near-stoichiometry BN films
of 27% nitrogen were achieved using the ECR source whilgyere deposited at 450 °C with the End Hall ion beam while
nitrogen concentrations as high as 47% could be allocated e ECR source achieved CN films containing 30% nitrogen.
CN bonds in BCN te:)narles_grown_ with the |<0)n_beam SOUrCeEor hoth nitrogen sources, the surface nitrogen incorporation
The lower carbor(10% for films with high N% incorpora- g not significantly vary with the energy or the flux of the

tion rate compared to that of bora@6% in similar thin  ghecies BN and CN films show good thermal stability up to
films), for identical evaporation rates is consistent with theggg °c under vacuum annealing.

higher difficulty to form CN than BN bonds. This is further
supported by the observed growth rates for the bindfi6®  AckNOWLEDGMENTS
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