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Thresholds for the phase formation of cubic boron nitride thin films
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We introduce a phase diagram for boron nitride film growth. It is based on studies of the influence of the ion
energy and substrate temperature on the phase formation using mass-selected ion-beam depositial of B
N* ions. For the formation of the cubic phase we find threshold values of 125 eV for the ion energy and 150 °C
for the substrate temperature. Furthermore, we find a characteristic ion energy and substrate temperature
dependence of the compressive stress, yielding low stress values for high energies and/or temperatures.
c-BN nucleation and growth is attributed to a subsurface process qualitatively described by the subplantation
model.[S0163-1827)05519-7

Regarding mechanical and electronic applications, cubimamic stress evolutiohpr subplantatiof. The difficulty to
boron nitride(c-BN) may leave diamond far behind, becauseinterpret the existing-BN growth data within the one or the
it is chemically inert against iron and oxygen at high other model has to do with the complex deposition condi-
temperature$ and because it can fpeandn type doped.So  tions outlined above.
far, low pressure synthesis @fBN thin films is only pos- Recently, we have shown thetBN films can be grown
sible with a variety of ion-assisted physical and chemicalby mass-selected ion-beam depositiddSIBD) of boron
vapor deposition techniquésthese films are usually nanoc- and nitrogen ion$.In this case, the deposition parameters,
rystalline, with a textured-BN interface layer. Attempts to like ion energy, ion flux ratio of different ion species, and the
grow c-BN by chemical processes alone have failed sd far. substrate temperature, are well defined and independently
It is therefore generally accepted that ion bombardment isontrollable. The major differences to IBAD techniques are
necessary foc-BN nucleation and growth; however, a sat- that (i) both nitrogen and boron are deposited as singly
isfactory understanding of the underlying mechanisms is stilcharged ions with energies of several hundred eV, (@hdo
lacking. An unwanted side effect is the ion-induced highnoble gas or other ions nor other neutral atoms or molecules
compressive film stress, which limits the achievable filmare involved in the deposition process.
thickness to only a few hundred nm, insufficient for most With this paper we introduce an unadulterated diagram
tribological applications. The growth of low-stregsBN  for the phase formation in BN film growth. This diagram is
films is therefore highly desirable. based on experimental studies on the influence of the ion

The c-BN growth conditions for ion-beam-assisted depo-energyE;,, and the substrate temperattrg on the growth
sition (IBAD) were investigated in systematic studiés. of BN films by MSIBD. We also present results for the com-
With IBAD, films are usually grown using evaporated boron pressive film stress dependencety, andTg, revealing the
atoms and additional ion bombardment, typically with a mix-possibility to grow low stress-BN films. Finally, we mea-
ture of N,*, N*, and Ar" ions. In addition, the ion angle of sure the ratio of incorporated atoms to deposited ions, and
incidence may vary for different deposition systems. IBAD find that sputter effects are of minor importance.
growth is therefore rather complex, and a variety of different Boron nitride thin films were grown by mass-selected ion-
processes such as condensation and thermal desorption, itbeam deposition using an UHV deposition system described
plantation of ions, recoil implantation of atoms deposited onin detail elsewheré’ B* and N" ions were produced in a
the surface, and sputtering have to be considered. Thelasma ion source using,B; vapor and N gas. After accel-
c-BN growth regime is thus a complex function of three eration to 30 keV and magnetic mass separation, the isotopi-
parameters: substrate temperature, ion energy, and the fleally pure 1*N* or 1B ion beam is guided into the depo-
ratio of ions to neutralboron atoms®>® Furthermorec-BN sition chamber, where the ions are decelerated down to
growth takes place at conditions close to the resputter limienergies adjustable between 20 eV and 1 keV and deposited
due to the intense heavy ion bombardment. Kesteal. onto S{100 substrates at temperatures between room tem-
introduced the average momentum transferred to the borgperature and 400 °C. The pressure during deposition was be-
atoms deposited on the surface as a more universal parametew
to characterize-BN growth® Sputter yield and nuclear stop- 3x10™ 7 Pa. Prior to deposition the substrates were sputter
ping are quantities which depend on the square root of theleaned by 1-keV Af ions. The amount of deposited ions is
ion energy(or the ion momentumto a first approximation. accurately measured by the ion charge, which is used to
On the other hand, nuclear stopping itself determines thewitch the separation magnet periodically to sel&&" or
range of low-energy ions in matter, the energy transfer to'“N*. During each cycle, 70 ions with an ion ratio of
recoil atoms, and the deposited energy density. As a cons&"/N*=1 were deposited to ensure the growth of homoge-
quence, several models forBN nucleation and growth were neous and stoichiometric filnisThe typical ion current was
developed, basing on selective sputtering leBN and  20-30uA on an area of 1.8 cfy and for a total deposited
c-BN,® static stress induced by the ion bombardnfedy-  ion charge of 0.3 °C—0.5 °C we obtain a film thickness be-
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FIG. 2. Phase diagram for ion beam deposited boron nitride
films. Thec-BN content is plotted as a function of the ion energy

FIG. 1. HRTEM picture of a 35-nm-thick boron nitride film and the substrate temperature. Filled symbols represent samples
deposited aff =350 °C andE;,,=500 eV.c-BN crystallite sizes  With ac-BN content exceeding 75%, whereas open symbols repre-
are around 10 nm. The 2:3 lattice matching betwedN and the ~ senth-BN or disordereda-BN samples.
texturedh-BN is clearly visible in the inset.

the c-BN is also seen in TED pictures, as they exhibit a
tween 60 and 100 nm. Films were characterizeditu by  structure in thec-BN diffraction rings® The observed lay-
Auger electron spectroscopES) and electron energy loss ered film structure is identical to the one obtained by
spectroscopyEELS), as well asex situby infrared spectros-  |BAD.!! Thus the same nucleation and growth processes oc-
copy (FTIR) and Rutherford backscattering spectroscopycur in both deposition techniques. Possibly the 2:3 lattice
(RBS). Some samples were prepared for transmission elegnatching and the formation of texturdu-BN favor the
tron microscopy(TEM) and diffraction(TED). nucleation ofc-BN.

AES measurements indicate contamination-free and al- The results of EELS and FTIR analyses of BN films
most stoichiometric BN films. The-BN and h-BN phases  grown for different values oE;,, and T are summarized in
were identified by FTIR measurements, using the charactethe diagram for BN phase formation shown in Fig. 2. We
istic c-BN reststrahlen band around 1080 civand the ab-  observec-BN formation above rather sharp threshold values
sorption lines at 1380 and 750 cmdue toh-BN stretching  of Ts=150 °C andE;,,=125 eV. Except folE;,,>500 eV,
and bending vibrations. The-BN content was calculated these threshold values seem to be independent of each other.
from the ratio of areas of the-BN and h-BN absorption  |n the following we will discuss the details of the observed
lines. As additional evidence for theBN phase, we mea- energy and temperature dependence.
sured theo plasmon energy by reflection EELS using 2-keV  The energy dependence ofBN formation is plotted in
primary electron energy. For all films showing teeBN  Fig. 3(a) for substrate temperatures of 250 °C. At a threshold
reststrahlen absorption, we measured plasmon energies @fergy of 125 eV the-BN content rises to about 85% and
31-32 eV. In contrast, foh-BN films we obtain lower val-  remains nearly constant for higher ion energies. The ob-
ues between 25 and 27.5 eV. From EELS measurements Userved threshold energy is much lower compared to pub-
ing primary electron energies down to 100 eV, we found thalished data for IBAD growtl:®> The sharp energy threshold
the surface region of all investigated BN films, including indicates a subsurface nucleation process requiring a certain
c-BN films, is sp* bonded. Forc-BN films we estimate a jon range, and a certain critical deposited energy density.
thickness of 1-2 nm of thep?-bonded surface layer. Such a process is qualitatively described by the subplantation

Some samples were also prepared for TEM and TEDmodel introduced by Lifshitz, Kasi, and Rabalais to explain
analysis. The cross-sectional TEM picture otd@N film  the formation of tetrahedrally bonded amorphous carbon
deposited at 350 °C and with 500-eV ions is shown in Fig. 1(ta-C).}? A quantitative description on an atomic scale is pro-
Starting from the Si substrate, a disordered Si-B-N mixedvided by the thermal spike model of ion impact and rapid
layer is formed, followed by a texturéwtBN layer with the  energy dissipatioh® An energy of 125 eV is sufficient to
c axis parallel to the substrate surface. The mixed interfacereate an energy density high enough to enable a complete
layer in our samples is rather broad and its thickness is conrearrangement of the atoms within the thermal spike volume.
parable to the ion range of the 500-eV ldnd B" ions used.  The resulting bond structure is then essentially determined
On top of the textureth-BN the nanocrystalline cubic phase by the boundary conditions. This is opposite to Robertson’s
is formed. Zooming into thér-BN/c-BN interface we see interpretation that a large number of rearrangements always
that thec-BN layer is also textured with a 2:3 lattice match- leads to the formation of a low-density phdse.
ing of theh-BN (0002 and thec-BN (111) planes. In order The c-BN content of films deposited with 500-eV ions as
to obtain a perfect matching, tieBN planar distance has to a function ofTg is plotted in Fig. 8b). It is clearly seen that
be compressed from 0.33 to 0.315 nm, i.e., by 4.5%. Becaugbe temperature threshold farBN formation of 150 °C is
of the large bulk modulus o€-BN it is unlikely that the also rather sharp. A similar sharp temperature threshold
(111 planar distance o€-BN is expanded. The texture of around 150 °C was observed for ion-assisted pulsed-laser-
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FIG. 3. c-BN content(filled symbolg and wave number of the
peak position of the-BN reststrahlen absorptidepen symbolsas
a function of(a) the ion energy for films deposited at 250 °C dhy
the substrate temperature for films deposited with 500-eV ions.

FIG. 4. Fractionf of deposited B and N ions actually incorpo-
rated into the films as a function ¢d) the substrate temperature and
(b) the ion energy.

basal-plane separation, until eventually a 2:3 matching of the

deposited BN filmg?# In contrast, Kester and Messier re- h-BN (0002 andc-BN (111) planar spacing is satisfigig.
ported an extended temperature regime where mix&iN 1). This provides boundary conditions which favorBN
andc-BN phases were formet. nucleation during recrystallization of the thermal spike vol-

Another transition temperature lies between room temume following an ion impact.
perature and about 100 °C, indicated by the dashed line in Compressive stress itBN films leads to a shift of the
Fig. 2. Samples deposited at room temperature have an Ipeak position of the reststrahlen IR absorption to higher
spectrum similar toh-BN; however, theh-BN peaks are wave numbers® This peak position is therefore a measure of
broader compared to bulk-BN, and their positions are the compressive film stress. In our films the reststrahlen ab-
shifted to lower wave numbefs.This indicates bond disor- sorption peak shifts to lower wave numbers with increasing
der and weaker bonding but not necessarily an amorphouBg and particularlyg;,, (open symbols in Fig.)3 indicating
phase. Nevertheless, we use the terBN for these disor- the decrease of compressive stress. A low value of the peak
dered h-BN films deposited at low temperatured.s  position is also observed f@&;,,= 150 eV, slightly above the
~100 °C is sufficient to obtain BN films exhibiting an IR- energy threshold. This suggests a relation between stress and
absorption spectrum of crystalline-BN. The fact that a E;,, very similar to the one observed for ta-C films, with
crystalline phase is formed at such rather low temperaturesiaximum stress values occurring arouigh~200 eV1° To
can be attributed to the ionicity of the BN bol. grow low-stres-BN films one would thus choose high val-

The observed temperature thresholds, indicated as dasheds of T and E;,,. Here we would like to emphasize that
lines in Fig. 2, are closely related to the phase formatiorthis requires a deposition method such as MSIBD, where
process during ion deposition, because they are not observédth B and N are deposited as energetic ions. With the IBAD
in annealing studies of BN films carried out for batFBN method film growth at higher ion energies is confined by the
anda-BN films.2® In these studie;-BN films were found to  resputter limit.
be stable up to 900 °C for annealing in air, and up to 1200 °C It was proposed by the sputter model that a high sputter
in vacuum.a-BN films are stable up to 1100 °C for anneal- yield close to the resputter limit, as well as differences in the
ing in vacuum. Above these temperatures the films disintesputtering yields foh-BN andc-BN, determine the growth
grate and evaporate from the Si substrates.@BN films a  of c-BN thin films2 However, for our experiments we esti-
gradual shift of the absorption peak toward the botBN mate a sputtering yield of at most 30% for N and B-ion
value and a narrowing of the absorption line was observedbombardment of BN with energies below 1 keV, using the
No phase transformation of the films frazrBN to h-BN, or ~ Monte Carlo simulation programrimM.2° A surface binding
vice versa, takes place. energy of 3 eV was chosen to reproduce the resputter limit at

Nucleation ofc-BN above the temperature threshold of 500 eV observed with IBAD for Af and N with
150 °C can be explained by the ordering of thé8N phase Ar*/N,"=1, incident on BN films at an angle of 48%ur-
so that the basal planes are parallel to the surface normahermore, the fact that the surface region of tBN films is
This ordering requires a certain temperature and is driven bglwayssp? bonded, and the observed low-energy threshold
ion-induced stresY. Furthermore, stress may reduce thefor c-BN formation are not consistent with the sputter model.
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To quantify the sputtering yield during MSIBD BN film needed to create a sufficiently high-energy density to enable
growth, we determined the sputter losses using RBS meaomplete rearrangement of the atoms within the thermal
surements of the area density of B and N film atoms forspike volume. Due to the ionicity of the BN bond, a crystal-
known film areas as well as measurements of the depositaphe h-BN phase is formed even at low substrate tempera-
ion charge. The latter quantity can be determined very acCiures. At higher temperatures, ion-induced compressive
rately ?n MSIBD and is used to calculate_ the area density oktress causes an ordering of thé8N basal planes, so that
deposited atoms. As a result, we obtain the fractionf e ¢ axis is parallel to the surface. This provides boundary
atoms actually incorporated into the film. The measured valgqngitions which favoc-BN nucleation during recrystalliza-
uesf as a function offs andEj,, are plotted in Fig. 4. FOr jo of the thermal spike volume. This implies that further
¢-BN films, we obtain high vaIuef;zO.?—Q.85 almost inde- growth ofc-BN should be possible at temperatures below the
\?V?t?]dtir:sozitzpdigi[anésTt?mezttae\éatl;;sl\SA a;iénsagsvdtﬁgtrie?fmthreshold ifc-BN seed crystals are present. Such an effect

b y ’ P was recently reportett. On the other hand, because of the

ter effects play a minor role for the growth ofBN films. . : .

For h-BN films, f decreases gradually frofr=1 at 100 eV supsurface nucleation process, I shou'ld not be pqsqb!e to

to f~0.4 at 1 keV. However, for films deposited at ion en- maintainc-BN growth by lowering the ion energy signifi-

ergies below 200 eV we find no significant differences in cantly below the energy threshold. Another important result
is the observed decrease of compressive stress at high ion

for h-BN and c-BN films. This, together with the observed . d hiah sub g hd
low sputter yield, clearly demonstrates that the sputter mode(?_n_ergles and nigh su strate tempe_ratures. Un er such depo-
' Sition conditions, it should be possible to grow thickBN

car_:_r;loet s;: us_ed to describe the grovvt_h:eB_N thin films. fpms with good adhesion.
perimental facts presented in this paper prove tha
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