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Experimental and theoretical investigations of the infrared-active, polarization-dependent phonon frequen-
cies of cubic boron nitride films have been performed in light of recent claims that large frequency shifts
during initial nucleation are the result of strain caused by highly nonequilibrium growth conditions. We show
that the formation of small, separate grains of cubic boron nitride during the initial growth leads to a frequency
shift in the infrared-active transverse-optic mode, polarized normal to the substrate, which is opposite in sign
and twice the magnitude of the shift for modes polarized parallel to the substrate. In contrast, film strain causes
a frequency shift in the mode polarized normal to the substrate, which is much smaller in magnitude than the
frequency shift for modes polarized parallel to the substrate. Normal and off-normal incidence absorption
measurements, performed at different stages of nucleation and growth, show that large frequency shifts in the
transverse-optic-phonon modes during the initial stage of growth are not compatible with the expected effects
of strain, but are in large part due to nucleation of small isolated cubic BN grains which coalesce to form a
uniform layer. Numerical results from a simple model of island nucleation and growth are in good agreement
with experimental result§S0163-18207)06440-0

[. INTRODUCTION quency shifts during the nucleation and growth of cubic BN.
We show that, while the zone-center TO frequency is sensi-
Although the growth of cubic BN was first demonstrated tive to strain, it is also highly sensitive to geometrical factors
using a variety of catalysts at high temperature and pressurduring initial nucleation. We find that the available normal-
recent efforts have concentrated on thin film deposition proincidence infrared spectroscopy data can be explained simply
cesses. A common feature of cubic BN deposition processdsy a phenomenological theory which demonstrates the effect
is the use of an energetic plasma to promote the growth obf island nucleation and coalescence on the frequencies of
the cubic phasé:’ Boron nitride films grown under these transverse-optic phonons. Moreover, we find that off-
highly nonequilibrium conditions undergo an unusual seriesiormal-incidence infrared-absorption measurements allow us
of transitions leading to an amorphous-hexagonal-cubic layetio differentiate clearly between frequency shifts caused by
structure® Interestingly, the hexagonal layer is found to ori- strain and those due to geometrical factors arising during the
ent with thec axis parallel to the substrate surface. Using ainitial formation of isolated crystallites. When off-normal-
thermodynamic free-energy analysis involving biaxial film incidence data are taken into account, the very large shifts in
stress, McKenzie showed that the highly compressibte  the phonon frequencies which occur at the initial stages of
axis of hexagonal BN should orient parallel to the substratggrowth are clearly not compatible with the expected effects
surface to accommodate in-plane film strain, and also sugpf strain proposed by Friedmaet al,*? but are in large part
gested that the buildup of unannealed defects generates sufde to island formation and coalescence.
ficient internal film stress to reach the regime in the phase The effects of boundary conditions on the mode frequen-
diagram where cubic BN is stable. Several researchers hawies in small crystallites were considered by tiich'® as
since reported that cubic BN formation either scHlesith early as 1949. An extensive review of early theoretical and
or, is linked®! to, compressive stress. Yet there seems t@xperimental results is given by Ruppin and Englrifan.
be little evidence to differentiate between cubic BN formingMore recently, such effects have been of great interest in
as a consequence of compressive stress or forming in coeenfined semiconductor structurgs.g., quantum-well§;
junction with it. In a recent publicatiotf, Friedmannetal.  quantum dot$® and microcrystallite¥). In general, it is
used Fourier transform infrardB TIR) spectroscopy to study found that the depolarizing electric field which gives rise, for
the initial nucleation of the cubic phase, and reported a largexample, to the LO-TO splitting for bulk modes in heteropo-
(positive shift in the zone-center cubic TO-phonon fre- lar materials, is strongly dependent in small samples on the
quency which decreased to an equilibrium value as growtlyeometry of the material and the mode excitéd.
continued. They propose that this frequency shift is consis- The simplest instance of such geometry or sample bound-
tent with high compressive stress during the initial nucle-ary effects in the present experiment is seen in the infrared
ation of the cubic phase, and that it supports the transitiombsorptance spectrum measured at off-normal incidence for
mechanism proposed by McKenzie. the case of thicker, uniform cubic boron nitride films. At
In this paper we examine the mechanism for phonon freoff-normal incidence, infrared radiation couples to lattice
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modes with polarization normal to the film surface. Because g
of the depolarizing field due to the induced surface charges, | ¢
this mode appears at the bulk LO mode frequelicyl- .
though it is not a longitudinal modélt propagates along the
film and so has a polarization perpendicular to its propaga- |
tion wave vecto). This is the simplest example of the effects
of surface geometry on the TO mode frequencies.

The remaining sections of this paper are organized as fol-
lows. In Sec. Il we present the measurements of normal and
off-normal-incidence infrared absorptance of BN thin films
at various stages of film growth. Section Il gives an analysis
of the effects of grain geometry during cubic BN nucleation
and growth on the infrared-active mode frequencies for po-
larizations normal and parallel to the substrate. In Sec. IV we
analyze the effects of strain on the cubic BN infrared-active
mode frequencies. We discuss the significance and implica-
tions of the combined experimental and theoretical results in
Sec. V.

Il. EXPERIMENTAL RESULTS

Cubic boron nitride films were grown' Qn (800 sub- FIG. 1. Scanning force microscopy images of 2-um? areas
_Strates by an rf magnetron sputter 'deposmon Proam' of the surface of boron nitride thin films at various stages of growth.
ing growth, the substrates were biased negatively with réype fiims are identified by total growth time, which includes the

spect to the ground, and were immersed in a nitrogen p|35”@owth time for the amorphous and hexagonal BN layers.
produced by an electron cyclotron resonafiEER) source.

The growth temperature for this series of samples wasion becomes more random and roughness increases.

1100 °C and the nitrogen ion current, measured at the sample The triangular crystallites observed in the SFM images of
using a Faraday cup, was 0.9 mA&n®ptimum conditions  very thin films are strongly suggestive ¢111] crystal

for initiation of c-BN growth were found with a substrate planes, which would indicate that the cubic BN initially
bias of —80.0 V, and the film growth rate was measured tonucleates with th¢111] axis normal to the film surface, or
be ~4.5 A/min for the cubic materia(7.2 A/min for the more specifically, normal to the hexagonal BBO00Z (c
hexagonal material Infrared-absorption spectra were col- axis). The orientation appears to become more random as
lected with 2-cm?! resolution using a nitrogen purged growth continues, which is consistent with TEM diffraction
Nicole Magna 550 Series Il FTIR spectrometer. A bare sili-results from thick films. While the orientational effects we
con substrate, from the same wafer as the sample substratedserve are extremely interesting and require further inves-
was used for background subtraction from the sample spedigation, the most important information to be taken from
tra. these images is that the cubic BN nucleates as isolated crys-

Films grown under the conditions outlined above, with atallites which coalesce to form a uniform film as growth
thickness ranging from approximately 2000 to 4500 A, werecontinues.
characterized structurally using both plan view and high- Figure 2 shows infrared-absorption spectra collected at
resolution transmission electron microscofyEM). The  normal incidence for this same series of samples at different
cross-section electron-diffraction patterns indicate an oristages of growth. Spectra were measured at room tempera-
ented hexagonal layer, with the axis parallel to the sub- ture, after the growth of each sample was complete. The
strate surface, and-BN crystallites oriented in 8111] tex-  absorption peak which increases and shifts with growth time
ture around the substrate normal. The high-resolution cross the cubic BN zone-center TO-phonon mode with polariza-
sections also reveal an amorphous-hexagonal-cubic laydion parallel to the film surface. The frequency of this mode
structure similar to that reported in the literatfire. is typically cited as 1065 cit in bulk cubic BN crystals?

A series of much thinner films, with a total film thickness The absorption peaks near 770 and 1380 tare BN TO-
ranging from approximately 450 to 800 A, was characterizegphonon absorptio8 from the amorphous and oriented hex-
using scanning force microscog$FM). The SFM images agonal layers in the film. Peak positions, determined from a
(see Fig. 1reveal that the cubic BN layer initially nucleates computer-generated fit to the entire absorption spectrum, are
on the hexagonal BN layer as highly aligned triangular crysiisted in Table I(top hali.
tallites. The triangular crystallites appear to nucleate at ran- The frequency of the cubic TO mode is plotted in Fig. 3
dom locations on the surface, but remain highly aligned inas a function of cubic BN growth time. High-resolution TEM
the thinnest films. As growth continues, the triangular islandsross sections indicate that cubic BN growth begins when the
are seen to coalesce into a uniform layer with an averaghexagonal BN layer is approximately 300 A thick, i.e., ap-
crystallite size of approximately 700 A. The first continuousproximately 40 min after deposition begins. Included in this
layer is very smooth, with a rms roughness on the order of 2@igure are data from thick samples grown to over 3000 A.
A. Further growth continues with crystallites of similar size We observe that the cubic TO mode is shifted to higher
and shape nucleating on top of one another, but the orientdrequency at the initial nucleation stage, and rapidly de-
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FIG. 2. Infrared-absorption spectra of boron nitride films mea- FIG. 3. Frequency of the cubic BN zone center TO mode as a
sured at normal incidence. The films are identified by total growthfunction of cubic BN growth time. The points are the experimental
time which includes the growth time for the amorphous and hex-absorption peak positions and the dashed line is a plat,gffrom
agonal BN layers. Eq.(4a), using a coalescence timg= 110 min and dstrain shifted

bulk TO frequency of 1077 cht.
creases to a minimum value, slightly above that of bulk cubic

BN. This is similar to the findings of Friedmarm al.*? who hexagond? (h-BNLO is equal to 1610 crmf) and cubig2?®
attributed this shift to intrinsic film stress, suggesting that N (c-BNLO i | o 1305 ot tivelv. Th K
nucleation of the cubic phase occurs as a result of extremel .((.: IS équalto 1505 C ), respec Ively. 1he pea
high stress. In Sec. V, below, we will offer an alternative ositions of the LO peaks in the spectra are listed in Table |
explanation for the initial large frequency shifts based on(bOttom halj.
geometrical factors during the nucleation and coalescence of
individual cubic BN grains on the substrate. Ill. THEORY OF SHIETS DUE TO ISLANDING

The absorption peaks observed at normal incidence are

well reproduced in the infrared absorptance at off-normal We now consider the effects of islandifice., the forma-
incidence for films in the initial stages of cubic BN nucle- tion of separate, individual cubic BN grajnsn the infrared-
ation and growth. Shown in Fig. 4 are absorption spectraabsorption peaks during the initial stages of growth. In par-
collected with the IR beam incident 60° from the sampleticular, using a simple model of the IR modes and the island
normal. In this geometry two additional TO modes, at 1618geometry, we will show that the relation
and 1305 cm?, appear in the spectra. While these modes are

strictly TO with mode polarizations perpendicular to the 2 ) )
surface'® they appear near the LO frequencies of bulk w;— o=~ 2(w} ,~ o7) @
TABLE I. Peak positions from the infrared absorption spectra taken at ndto@half of the tablgand off-normal incidencébottom

half). The peak shift ratio calculated for the off-normal incidence spectra asdise®sext that the cubic TO peak position is affected by
the residual straitti.e., A wr=wr— 1077 cm'b).

hex BN hex BN cubic BN cubic BN hex BN
Growth time LO mode E,, mode LO mode TO mode A,, mode Shift ratio
(min.) (cm™) (em™ (cm™ (em™ (cm™) A(w)/A(wF)
90 1376 1112 766
105 1376 1094 766
135 1376 1084 766
150 1376 1078 767
180 1376 1077 767
90 1619 1376 1249 1113 767 21
105 1619 1376 1279 1093 766 2.0
135 1619 1376 1293 1084 766 21
150 1617 1376 1299 1078 767 7.3
180 1617 1376 1304 1077 767 n.a.
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FIG. 4. Infrared-absorption spectra of boron nitride films mea- FIG. 5. A schematic section showing the initial growth of cubic
sured at 60° off-normal incidence. The two additional peaks whichBN (c-BN) grains within the hexagonal BNh-BN) layer on a
appear in the spectra are TO modes with mode polarization perpesilicon substrate, indicating the cubic BN polarizatienfor IR
dicular to the film surface. modes polarizeda) normal to the substrate ar{td) parallel to the

. . substrate. The equivalent image dipolesee text for surface
approximately holds, where, is the mode frequency for charges induced on the hexagonal BN-vacuum and hexagonal BN-

polarization normal to the substrate, ang is the fre- siiicon interfaces are indicated by the arrows below and above the
quency for polarizations parallel to the substrate. For theyrains.

purposes of this analysis, we assume initially that no shifts
are caused by strain, by chemical impurities, or by non-As the individual islands coalesce to form an approximately
stoichiometric composition of the cubic BN. Then, in Sec.uniform layer, the observed frequencies tend to the limits
IV, we will take the effects of strain into account explicitly. andw, for modes polarized parallel and perpendicular to the
We assume that we are dealing with a zone-cefitdr substrate, respectively. We expect this limit to be reached
nite wavelengthphonon mode, and that the mode amplitudewhen the grain size is approximately equal to the distance
is approximately constant throughout each cubic BN grainbetween grains on the substrate.
This is true if the grain shape can be approximated by an Shown in Fig. 5 is a schematic section of the cubic BN
ellipsoid*1*We also assume that the mode amplitude is thegrains on the silicon substrate during the initial state of
same for all grains on the substrate, neglecting electromagirowth. We may consider the depolarization fieldvithin
netic retardation effects. This amounts to the approximatioreach grain, and hence the shjff—w$ in Eq. (2), as arising
that the wavelength of the infrared light is substantiallyfrom three sources(l) the field due to the induced surface
greater than the distance between grains of cubic BN on theharge density on the cubic BN graif®) the field due to the
substrate. surface charges induced on the hexagonal BN-silicon and
The macroscopic depolarization fieddwithin each grain  hexagonal BN-vacuum interfaces; a8l the electric dipole
(which is proportional to the polarization densi® within  fields from the other cubic BN grains on the substrate.
the grain$ gives risé* to a shift in the mode frequenay. In order to estimate contributiofi), we approximate the
Then wz—w12- is proportional to the depolarization factor cubic BN grain by an ellipsoid of revolution of appropriate
N=—¢/P. The depolarization factor deper®é® on the aspect ratio with its axis normal to the substrate. We assume
shape of the individual grains, the electronic polarizability ofthat the cubic BN is surrounded by hexagonal Bi$ indi-
the media(i.e., vacuum, hexagonal BN, and)Siear the cated by the TEM cross sectionsnd neglect the small dif-
grains, and the distribution of grains on the substrate. Moreference between the optical dielectric constast§.5) of
over,N is different for modes with polarization normal to the hexagonal BN and that of cubic BN. We then use the stan-
substrate than it is for modes with polarization parallel to thedard resuf® that the depolarization factots, Ny, andN,
substrate. of any ellipsoid for polarization along the principal axes
For a uniform layeft® N=0 for modes polarized parallel y, and z, respectively, satisfy the relatio,+ Ny+N,
to the substrate, and the phonon frequency equals the butkk 4. SinceN,=N,, thenN,=47—2N, ,, whereN, and
TO frequencyws. In the same geometn\N=4s for the N, , are the depolarization factors for the modes polarized
mode polarized normal to the substrate, and the phonon fresormal and parallel, respectively, to the substrate.

guency equals the bulk LO frequeney . Thus, in general, To estimate contributiof2) of the induced charge on the
we have that hexagonal BN-silicon and hexagonal BN-vacuum interfaces,
we use the method of images, as applied to planar interfaces
2_ 2 2_ 2 between dielectric medi. We can then approximate the
W - wT=4 (0 — w7). 2

field due to the interface charges with those of image dipoles
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above and below the interfaces, as shown in Fig. 5. Théace charges is small, then the local contributions to the de-
depolarization field at the cubic BN grain is that of dipolespolarization field will be &, ,=—47P,, /3, and the
oriented as in Fig. &) for normal polarization, and as in Fig. frequency of all modes for very low cubic BN coverage will
5(b) for parallel polarization. At a given distance from a be approximately equal to the Fich frequency:® we
dipole, the field is twice as large along the axis of the dipole= ‘/2wT2/3+ sz/3.

as it is in the equatorial plarfé Thus the depolarization field For a constant rate of cubic BN growth, the radaisf
from the interface charges for normal polarization of thethe grains will be proportional to'3, wheret is the time
phonon mode is approximately twice as laf@ed opposite since initial nucleation of the cubic BN grains, and the aver-
in Sign) as that for polarization parallel to the substrate. Add-age d|po|e Strength per unit area of the substrate is propor-
ing contributions(1) and(2), we see that the depolarization tional tot. We then integrate Eq3) over radiir>2a (i.e.,
factors again satisfiN,= 47 —2N, ,, as for contribution(1)  assuming nonoverlapping grajn® obtain a total contribu-

along. o S tion to the depolarization field from other grains on the sub-
Finally, contribution(3) to the depolarization field due to strate which is proportional t”’>.

the other cubic BN grains distributed on the substrate may be Defining a coalescence tin'h@as the time required for the
calculated as follows: The other cubic BN grains are ranyrains to coalesce into a uniform layer of cubic BN, and
domly distributed on the surface, and their polarization isnoting thatw, y— o7 andw,—w_ast—t., we find that the

depolarization field. Thus this contribution to the depolariza-pargjiel to the substrate is given by

tion field is that of a set of parallel dipoles randomly distrib-

uted over the substrate, excluding the area occupied by the , 1—(t/t)*® , 2+(t/t)# |
grain for which we are calculating the depolarization field.  ©xy™ 3 o 3 wy for t<t,
The average contribution to the depolarization field due to (43)

dipoles randomly distributed in an annulus of thicknéssat

a distance from the grain is equal to and the mode frequency, for polarization normal to the

substrate is given by

1p
deyy =75 +3 27 dr (33 e 1+2(t/t) %3 W2 2-2(t/te)*? .2
z 3 L 3 T

for polarization parallel to the substrate, and (4b)

for t<t..

De Fort>t;, wyy= ot andw,= w_. As we shall see in Sec. V,
de,= — =3 27r dr (3b)  below, this model agrees well with the observed dependence
r of the mode shifts during the initial stages of growth. We
for polarization normal to the substrate, whexgis the av-  hote that this model does not assume that the grains are uni-
erage dipole strength per unit area of the surface. Thus, witfPrm in size over the substrate—only that their aspect ratio
the inclusion of this contribution from the other grains to thedoes not change much after initial nucleation.
depolarization field, we again find that the relatidp= 4
— 2N, , between the depolarization factors remains valid. IV. THEORY OF SHIFTS DUE TO STRAIN
Substituting this relation into E@2), we obtain the result
given in Eqg.(1). Much of the argument which leads to this The calculated strain shifts of the TO-phonon
conclusion is not specific to cubic BN, and should be appli-frequencie€? and calculated elastic constafitd" of bulk
cable to many wide-band-gap polar semiconductors or insusubic BN allow us to estimate the effects of film strain alone
lators growing on silicon substrates. In particular, the arguon the IR-absorption peaks. For a cubic material, there are
ment giving contribution(3) of other grains on the substrate three independent elastic coefficielitd and three indepen-
to the depolarization field within each grain is independent ofdent coefficients of the phonon shif?° One irreducible
the details of the shape and local environment of the indicomponent of the strain corresponds to isotropic stegjyof
vidual grains. Hence, during the initial stage of growth whenthe crystal, a second to uniaxial, traceless steigy (E is
the coverage is very low, one should find in general for polathe irreducible representatipalong the[001] direction, and
materials which grow by island nucleation and coalescenca third component to uniaxial, traceless strajpq (T, is
thatdw?/dt: —2dw§'y/dt, wheret is the growth time. the irreducible representatipalong the[111] direction. Ex-
In order to estimate the time dependence of the IR shiftsperimental value$=2 of the bulk modulusB of cubic BN
we make some further simplifications to our model ofare in the range 369—-382 GPa. The single-crystal shear elas-
growth: we assume that the aspect ratio of the grains dodc constaniC,, has a measured valtfeof 480 GPa, and the
not change during the initial growth process, i.e., prior toother independent shear elastic cons@gtan be obtained
coalescence of the grains. In this case, the local contributiorfsom the measured valu&wf the elastic constants;;=820
(1) and(2) to the depolarization field within each grain dis- GPa andC,,=190 GPa, aL;=(C;—2C,,)/2=315 GPa.
cussed above will be constant. Only contributi@ above, These coefficients have been calculated using pseudopoten-
i.e., due to the dipole fields of the other grains, will changetial plane-wave, total-energy methdfiss B=386 GPa,C,
with time. At very low cubic BN coverage, i.e., when the =326 GPa, an®C,,=483 GPa, and using all-electron, full-
cubic BN initially nucleates, the dipole fields of the other potential linear muffin-tin  orbital methotls as B
grains will be negligible. Assuming that the grains are ap-=400 GPa, C,=327 GPa, andC,,=493 GPa. We calcu-
proximately spherical, and that contributi@®) of the inter- lated these coefficients independently, using linear combina-
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tion of Gaussian orbitals total-energy methods, as describeshowrf® to be approximately true in bulk cubic BN for iso-
in Ref. 28, and found values oB=375GPa, Cq tropic strain, but has not been measured for unixial strains.
=326 GPa, andC,,= 486 GPa, in excellent agreement with
experimental measurements and with other calculations.

As discussed in Sec. Il, above, SFM images indicate that
during the initial growth of the cubic BN, the grains are  From the experimental results and theoretical analyses
oriented with their[111] axis normal to the substrate. We presented above, the following overall picture of the mode
may assume that the normal component of the stress at thequency shifts during nucleation and growth of cubic BN
surface of the film is zero. The strain in the microcrystallitesemerges. At the initial nucleation stage the long-wavelength
oriented with theif111] axes normal to the substrate with no infrared radiation polarizes small separated cubic BN crys-
normal stress on their free surface may be made up of aallites, leading to a long-range depolarization electric field.
isotropic strain component of magnitudg, and aT, irre-  The effect of this field is seen as a shift in the TO-phonon
ducible, traceless strain component of magnitede;;. For  frequency. As the islands coalesce to form a continuous film,
the stress on the free surface to be zero, the strain compene depolarization field for mode polarization parallel to the
nents must satisfyso/ €r111= —3B/(2C44) = —1.153. substrate surface rapidly vanishes, and the TO mode returns

The strain parallel to the substrateds, = €so— €;117/2.  to an equilibrium value. The remaining small shift in the TO
The TO-phonon shift for modes with polarization parallel to mode is a measure of the strain of the cubic BN layer. At the
the substrate is given by same time, the depolarization field for mode polarization

normal to the surface becomes equal to that for a uniform
Aw :d_“’ o — E de e film of cubic BN, and the mode frequency tends to the bulk
Y dego 2 deppgg Y LO value. We will show that this interpretation is compatible
in every detail with measurements of infrared absorptance at
off-normal incidence, whereas the expected effects of fre-
quency shifts due to strain alone are not.
do do The very small ratioA w,/Aw, ,=0.12-0.24 calculated
€[111 - (see Sec. IV, aboydor the frequency shifts due to strain of
modes with polarization normal to and parallel to the sub-
Using the irreducible strain shift§?® we find a shift strate is in agreement with our measurements of the peak
dwyy/de,,=—34 cm ! per 1% strain parallel to the surface shifts at off-normal incidence in thicker, more uniform films
for phonon modes with polarization parallel to the substratepf cubic BN (see Table | and Fig.)3For thicker films the
and a much smaller shifdw,/de, ,=—4 cm ! per 1% peak near the bulk cubic BN TO position shows a small
strain parallel to the surface for phonon modes with polarsystematic shift to higher frequencies with increasing film
ization normal to the substrate. thickness, while the mode near the bulk cubic BN LO posi-

For a cubic BN thin film with randomly oriented micro- tion (i.e., the mode with polarization normal to the surface
crystallites, it is not possible to calculate the elastic constantshows no discernable shift. Moreover, when such films are
and phonon strain shifts exactly, since the stress-strain relalelaminated from their substrate, the TO mode frequency
tions depend on the shapes of grains within the mat&tial. returns to the bulk, unstrained value of 1065 ¢mThis
However, we can make an estimate of the elastic constantsads us to ascribe frequency shifts for thicker films to the
for the randomly oriented material by a spherical average oéffects of strain. The valuar=1077 cm?, found in the
the irreducible components of the cubic system. This givediims immediately after coalescence, would indicate a com-
an estimate for the shear modulu€.,=C,,=(3Cy, pressive strain of 0.35—-0.4 % parallel to the surface, based
+2C,)/5=422 GPa for the randomly oriented material. On the strain coefficients calculated in Sec. IV above. More-
(This estimate is based on the approximation that the strain igver, we have fourid that residual film strain decreases dra-
microscopically uniform throughout the material, and thematically with growth temperature, resulting in a decrease in
shear modulus so obtained is an upper bound for the actu#te cubic TO-phonon shift by 2 ci per 100 °C increase in
value of the shear modulysA similar isotropic averaging of ~growth temperature above 800 °C.
the phonon shifts for the randomly oriented material gives an However, during the initial stage of nucleation and
average shift of—17.6 cm* of modes with polarization growth of cubic BN, when the film consists of separated
along the strain for 1% traceless uniaxial strain, andgrains of cubic BN, the model presented in Sec. Ill leads us
+8.8 cmi * for modes with polarization perpendicular to the to expect large shifts in the frequency of the mode polarized
strain. Using these estimates for the randomly oriented ma2ormal to the surface, in contrast to the relatively small shift
terial, we find that the frequency shift of modes with polar-expected in strained homogeneous films. Considering the
ization normal to the film is approximately 7 cm * for 1%  complications of the system geometry which occur in the
strain parallel to the film surface, whereas the mode witHeal growth process, the experimental results are in remark-
polarization parallel to the film has a frequency shift of ably good agreement with the detailed predictions of this
—29 cm ! per 1% strain. model.

The above calculation of the mode frequency shift due to  The ratios of the(negative shift of the o to the (posi-
strain for polarization normal to the film assumes thattive) shift of the w-2|- at the initial stages of growth, as found
changes in the transverse charge for the zone-center modisthe off-normal absorption experiments, are listed in Table
and the optical dielectric constant combine to give a bulk. We assume that the-BN islands have a small intrinsic
LO-TO splitting which is not strain dependent. This has beerstrain at early nucleation equal to that found immediately

V. DISCUSSION AND CONCLUSIONS

and the TO-phonon shift for modes with polarization normal
to the substrate is given by

Aw,= ot
vz deiso iso d6[111]
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after coalescencéi.e., the TO frequency shift equals the to form a continuous cubic lay€t10 min after the growth of
measured TO frequency minus a strained equilibrium frethe amorphous and hexagonal layetise nucleation sites are
quency ofwr=1077 cm}). A ratio A(w?)/A(w3)=2 isex-  separated from each other by500 A, and coalesce to form
pected from the islanding effects discussed in Sec. Il foran approximately uniform layer when the grain size equals
samples at the early stages of nucleation, when the cubic Bihe average separation of the nucleation sites. This is consis-
grains are well separated. This is seen consistently in thosent with the average grain size we measure from TEM dark-
samples where the shifts are sufficiently large to be reliablfield image analysis and SFM images. While the results sug-
measured within the resolution of the FTIR spectrometergest that a small amount of compressive st(i85—0.4 %
The dashed line in Fig. 3 is a plot efr=w, in Eq. (48 s present at initial nucleation, this strain is smaller than that
versus the growth time of cubic BN, using a coalescencebserved in thicker films. Moreover, regardless of the de-
time t;=110 min. This coalescence time was determined bytrease in residual film straifto values well below that
subtracting the time at which the growth of cubic BN startsneeded for bulk-phase thermodynamic stability of cubic) BN
(i.e., when the hexagonal BN layer is 300 A thick, as indi-at higher growth temperatures, we continue to see the
cated by TEM imagegsfrom the time at which the film coa- amorphous-hexagonal-cubic morphology, further indicating
lesces(i.e., the time after which the frequency shift remainsthat strain has little to do with the formation of cubic BN
approximately constantThis coalescence time agrees well fiims. We note that the present results for the shifts of the
with the growth and coalescence of grains indicated in SFMR-absorption peaks are compatible with the propb#at
images. The time axis in Fig. 3 is measured from the time aénergetic ions serve to disrupt tlsg2-bonded hexagonal
which cubic BN growth begins. We note that for very short BN material, creating locap3 bonding sites for the nucle-
growth times the absorption peaks are difficult to resolve dugtion of the metastable cubic BN.

to the very low coverage of cubic BN.

In conclusion, we find no evidence in the IR-absorption
peak shifts to support the theory that cubic boron nitride
nucleates at a time of exceptionally high strain, or that large
compressive strain is a driving force for the hexagonal- We gratefully acknowledge helpful discussions with R.
to-cubic transition. Rather, we find that the very large fre-Merlin and S. A. Solin. The authors also thank S. Kidner for
guency shifts that occur during early growth indicate theperforming the electron microscopy. C.T. and R.C. were sup-
nucleation of small cubic BN grains when the hexagonal BNported by the Office of Naval Research through Grant No.
film is approximately 300 A thick. Based on the time it takesN00014-94-J-0763.
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