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Islanding and strain-induced shifts in the infrared absorption peaks
of cubic boron nitride thin films
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~Received 24 April 1997!

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 results.@S0163-1829~97!06440-0#
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I. INTRODUCTION

Although the growth of cubic BN was first demonstrate1

using a variety of catalysts at high temperature and press
recent efforts have concentrated on thin film deposition p
cesses. A common feature of cubic BN deposition proces
is the use of an energetic plasma to promote the growth
the cubic phase.2–7 Boron nitride films grown under thes
highly nonequilibrium conditions undergo an unusual ser
of transitions leading to an amorphous-hexagonal-cubic la
structure.8 Interestingly, the hexagonal layer is found to o
ent with thec axis parallel to the substrate surface. Using
thermodynamic free-energy analysis involving biaxial fi
stress, McKenzie9 showed that the highly compressiblec
axis of hexagonal BN should orient parallel to the substr
surface to accommodate in-plane film strain, and also s
gested that the buildup of unannealed defects generates
ficient internal film stress to reach the regime in the ph
diagram where cubic BN is stable. Several researchers h
since reported that cubic BN formation either scales10 with
or, is linked6,8,11 to, compressive stress. Yet there seems
be little evidence to differentiate between cubic BN formi
as a consequence of compressive stress or forming in
junction with it. In a recent publication,12 Friedmannet al.
used Fourier transform infrared~FTIR! spectroscopy to study
the initial nucleation of the cubic phase, and reported a la
~positive! shift in the zone-center cubic TO-phonon fr
quency which decreased to an equilibrium value as gro
continued. They propose that this frequency shift is con
tent with high compressive stress during the initial nuc
ation of the cubic phase, and that it supports the transi
mechanism proposed by McKenzie.

In this paper we examine the mechanism for phonon
560163-1829/97/56~19!/12573~8!/$10.00
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quency shifts during the nucleation and growth of cubic B
We show that, while the zone-center TO frequency is se
tive to strain, it is also highly sensitive to geometrical facto
during initial nucleation. We find that the available norma
incidence infrared spectroscopy data can be explained sim
by a phenomenological theory which demonstrates the ef
of island nucleation and coalescence on the frequencie
transverse-optic phonons. Moreover, we find that o
normal-incidence infrared-absorption measurements allow
to differentiate clearly between frequency shifts caused
strain and those due to geometrical factors arising during
initial formation of isolated crystallites. When off-norma
incidence data are taken into account, the very large shift
the phonon frequencies which occur at the initial stages
growth are clearly not compatible with the expected effe
of strain proposed by Friedmanet al.,12 but are in large part
due to island formation and coalescence.

The effects of boundary conditions on the mode frequ
cies in small crystallites were considered by Fro¨hlich13 as
early as 1949. An extensive review of early theoretical a
experimental results is given by Ruppin and Englman14

More recently, such effects have been of great interes
confined semiconductor structures~e.g., quantum-wells,15

quantum dots,16 and microcrystallites17!. In general, it is
found that the depolarizing electric field which gives rise, f
example, to the LO-TO splitting for bulk modes in heterop
lar materials, is strongly dependent in small samples on
geometry of the material and the mode excited.14

The simplest instance of such geometry or sample bou
ary effects in the present experiment is seen in the infra
absorptance spectrum measured at off-normal incidence
the case of thicker, uniform cubic boron nitride films. A
off-normal incidence, infrared radiation couples to latti
12 573 © 1997 The American Physical Society
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12 574 56S. FAHY, C. A. TAYLOR II, AND R. CLARKE
modes with polarization normal to the film surface. Becau
of the depolarizing field due to the induced surface charg
this mode appears at the bulk LO mode frequency,18 al-
though it is not a longitudinal mode.~It propagates along the
film and so has a polarization perpendicular to its propa
tion wave vector.! This is the simplest example of the effec
of surface geometry on the TO mode frequencies.

The remaining sections of this paper are organized as
lows. In Sec. II we present the measurements of normal
off-normal-incidence infrared absorptance of BN thin film
at various stages of film growth. Section III gives an analy
of the effects of grain geometry during cubic BN nucleati
and growth on the infrared-active mode frequencies for
larizations normal and parallel to the substrate. In Sec. IV
analyze the effects of strain on the cubic BN infrared-act
mode frequencies. We discuss the significance and imp
tions of the combined experimental and theoretical result
Sec. V.

II. EXPERIMENTAL RESULTS

Cubic boron nitride films were grown on Si~100! sub-
strates by an rf magnetron sputter deposition process.5 Dur-
ing growth, the substrates were biased negatively with
spect to the ground, and were immersed in a nitrogen pla
produced by an electron cyclotron resonance~ECR! source.
The growth temperature for this series of samples w
1100 °C and the nitrogen ion current, measured at the sam
using a Faraday cup, was 0.9 mA/cm2. Optimum conditions
for initiation of c-BN growth were found with a substrat
bias of280.0 V, and the film growth rate was measured
be '4.5 Å/min for the cubic material~7.2 Å/min for the
hexagonal material!. Infrared-absorption spectra were co
lected with 2-cm21 resolution using a nitrogen purge
Nicole Magna 550 Series II FTIR spectrometer. A bare s
con substrate, from the same wafer as the sample subst
was used for background subtraction from the sample s
tra.

Films grown under the conditions outlined above, with
thickness ranging from approximately 2000 to 4500 Å, we
characterized structurally using both plan view and hig
resolution transmission electron microscopy~TEM!. The
cross-section electron-diffraction patterns indicate an
ented hexagonal layer, with thec axis parallel to the sub
strate surface, andc-BN crystallites oriented in a@111# tex-
ture around the substrate normal. The high-resolution c
sections also reveal an amorphous-hexagonal-cubic l
structure similar to that reported in the literature.8

A series of much thinner films, with a total film thicknes
ranging from approximately 450 to 800 Å, was characteriz
using scanning force microscopy~SFM!. The SFM images
~see Fig. 1! reveal that the cubic BN layer initially nucleate
on the hexagonal BN layer as highly aligned triangular cr
tallites. The triangular crystallites appear to nucleate at r
dom locations on the surface, but remain highly aligned
the thinnest films. As growth continues, the triangular islan
are seen to coalesce into a uniform layer with an aver
crystallite size of approximately 700 Å. The first continuo
layer is very smooth, with a rms roughness on the order o
Å. Further growth continues with crystallites of similar siz
and shape nucleating on top of one another, but the orie
e
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tion becomes more random and roughness increases.
The triangular crystallites observed in the SFM images

very thin films are strongly suggestive of@111# crystal
planes, which would indicate that the cubic BN initial
nucleates with the@111# axis normal to the film surface, o
more specifically, normal to the hexagonal BN@0002# ~c
axis!. The orientation appears to become more random
growth continues, which is consistent with TEM diffractio
results from thick films. While the orientational effects w
observe are extremely interesting and require further inv
tigation, the most important information to be taken fro
these images is that the cubic BN nucleates as isolated c
tallites which coalesce to form a uniform film as grow
continues.

Figure 2 shows infrared-absorption spectra collected
normal incidence for this same series of samples at diffe
stages of growth. Spectra were measured at room temp
ture, after the growth of each sample was complete. T
absorption peak which increases and shifts with growth ti
is the cubic BN zone-center TO-phonon mode with polari
tion parallel to the film surface. The frequency of this mo
is typically cited as 1065 cm21 in bulk cubic BN crystals.19

The absorption peaks near 770 and 1380 cm21 are BN TO-
phonon absorptions20 from the amorphous and oriented he
agonal layers in the film. Peak positions, determined from
computer-generated fit to the entire absorption spectrum,
listed in Table I~top half!.

The frequency of the cubic TO mode is plotted in Fig.
as a function of cubic BN growth time. High-resolution TEM
cross sections indicate that cubic BN growth begins when
hexagonal BN layer is approximately 300 Å thick, i.e., a
proximately 40 min after deposition begins. Included in th
figure are data from thick samples grown to over 3000
We observe that the cubic TO mode is shifted to high
frequency at the initial nucleation stage, and rapidly d

FIG. 1. Scanning force microscopy images of 232-mm2 areas
of the surface of boron nitride thin films at various stages of grow
The films are identified by total growth time, which includes t
growth time for the amorphous and hexagonal BN layers.
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56 12 575ISLANDING AND STRAIN-INDUCED SHIFTS IN THE . . .
creases to a minimum value, slightly above that of bulk cu
BN. This is similar to the findings of Friedmannet al.,12 who
attributed this shift to intrinsic film stress, suggesting th
nucleation of the cubic phase occurs as a result of extrem
high stress. In Sec. V, below, we will offer an alternati
explanation for the initial large frequency shifts based
geometrical factors during the nucleation and coalescenc
individual cubic BN grains on the substrate.

The absorption peaks observed at normal incidence
well reproduced in the infrared absorptance at off-norm
incidence for films in the initial stages of cubic BN nucl
ation and growth. Shown in Fig. 4 are absorption spec
collected with the IR beam incident 60° from the samp
normal. In this geometry two additional TO modes, at 16
and 1305 cm21, appear in the spectra. While these modes
strictly TO with mode polarizations perpendicular to t
surface,18 they appear near the LO frequencies of bu

FIG. 2. Infrared-absorption spectra of boron nitride films me
sured at normal incidence. The films are identified by total grow
time which includes the growth time for the amorphous and h
agonal BN layers.
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hexagonal21 ~h-BNLO is equal to 1610 cm21! and cubic22,23

BN ~c-BNLO is equal to 1305 cm21!, respectively. The peak
positions of the LO peaks in the spectra are listed in Tab
~bottom half!.

III. THEORY OF SHIFTS DUE TO ISLANDING

We now consider the effects of islanding~i.e., the forma-
tion of separate, individual cubic BN grains! on the infrared-
absorption peaks during the initial stages of growth. In p
ticular, using a simple model of the IR modes and the isla
geometry, we will show that the relation

vz
22vL

2522~vx,y
2 2vT

2! ~1!

-
h
-

FIG. 3. Frequency of the cubic BN zone center TO mode a
function of cubic BN growth time. The points are the experimen
absorption peak positions and the dashed line is a plot ofvx,y from
Eq. ~4a!, using a coalescence timetc5110 min and a~strain shifted!
bulk TO frequency of 1077 cm21.
y

TABLE I. Peak positions from the infrared absorption spectra taken at normal~top half of the table! and off-normal incidence~bottom

half!. The peak shift ratio calculated for the off-normal incidence spectra assumes~see text! that the cubic TO peak position is affected b
the residual strain~i.e., DvT5vT21077 cm21!.

Growth time
~min.!

hex BN
LO mode
~cm21!

hex BN
E1u mode

~cm21!

cubic BN
LO mode
~cm21!

cubic BN
TO mode
~cm21!

hex BN
A2u mode

~cm21!
Shift ratio

D(vL
2)/D(vT

2)

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 2.1
105 1619 1376 1279 1093 766 2.0
135 1619 1376 1293 1084 766 2.1
150 1617 1376 1299 1078 767 7.3
180 1617 1376 1304 1077 767 n.a.
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12 576 56S. FAHY, C. A. TAYLOR II, AND R. CLARKE
approximately holds, wherevz is the mode frequency fo
polarization normal to the substrate, andvx,y is the fre-
quency for polarizations parallel to the substrate. For
purposes of this analysis, we assume initially that no sh
are caused by strain, by chemical impurities, or by n
stoichiometric composition of the cubic BN. Then, in Se
IV, we will take the effects of strain into account explicitly

We assume that we are dealing with a zone-center~infi-
nite wavelength! phonon mode, and that the mode amplitu
is approximately constant throughout each cubic BN gra
This is true if the grain shape can be approximated by
ellipsoid.13,14We also assume that the mode amplitude is
same for all grains on the substrate, neglecting electrom
netic retardation effects. This amounts to the approxima
that the wavelength of the infrared light is substantia
greater than the distance between grains of cubic BN on
substrate.

The macroscopic depolarization field« within each grain
~which is proportional to the polarization densityP within
the grains! gives rise24 to a shift in the mode frequencyv.
Then v22vT

2 is proportional to the depolarization facto
N52«/P. The depolarization factor depends14,25 on the
shape of the individual grains, the electronic polarizability
the media~i.e., vacuum, hexagonal BN, and Si! near the
grains, and the distribution of grains on the substrate. Mo
over,N is different for modes with polarization normal to th
substrate than it is for modes with polarization parallel to
substrate.

For a uniform layer,18 N50 for modes polarized paralle
to the substrate, and the phonon frequency equals the
TO frequencyvT . In the same geometry,N54p for the
mode polarized normal to the substrate, and the phonon
quency equals the bulk LO frequencyvL . Thus, in general,
we have that

v22vT
25

N

4p
~vL

22vT
2!. ~2!

FIG. 4. Infrared-absorption spectra of boron nitride films me
sured at 60° off-normal incidence. The two additional peaks wh
appear in the spectra are TO modes with mode polarization per
dicular to the film surface.
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As the individual islands coalesce to form an approximat
uniform layer, the observed frequencies tend to the limitsvT
andvL for modes polarized parallel and perpendicular to
substrate, respectively. We expect this limit to be reac
when the grain size is approximately equal to the dista
between grains on the substrate.

Shown in Fig. 5 is a schematic section of the cubic B
grains on the silicon substrate during the initial state
growth. We may consider the depolarization field« within
each grain, and hence the shiftv22vT

2 in Eq. ~2!, as arising
from three sources:~1! the field due to the induced surfac
charge density on the cubic BN grain;~2! the field due to the
surface charges induced on the hexagonal BN-silicon
hexagonal BN-vacuum interfaces; and~3! the electric dipole
fields from the other cubic BN grains on the substrate.

In order to estimate contribution~1!, we approximate the
cubic BN grain by an ellipsoid of revolution of appropria
aspect ratio with its axis normal to the substrate. We assu
that the cubic BN is surrounded by hexagonal BN~as indi-
cated by the TEM cross sections!, and neglect the small dif-
ference between the optical dielectric constant (e54.5) of
hexagonal BN and that of cubic BN. We then use the st
dard result25 that the depolarization factorsNx , Ny , andNz
of any ellipsoid for polarization along the principal axesx,
y, and z, respectively, satisfy the relationNx1Ny1Nz
54p. SinceNx5Ny , thenNz54p22Nx,y , whereNz and
Nx,y are the depolarization factors for the modes polariz
normal and parallel, respectively, to the substrate.

To estimate contribution~2! of the induced charge on th
hexagonal BN-silicon and hexagonal BN-vacuum interfac
we use the method of images, as applied to planar interfa
between dielectric media.26 We can then approximate th
field due to the interface charges with those of image dipo

-
h
n-

FIG. 5. A schematic section showing the initial growth of cub
BN ~c-BN! grains within the hexagonal BN~h-BN! layer on a
silicon substrate, indicating the cubic BN polarizationP for IR
modes polarized~a! normal to the substrate and~b! parallel to the
substrate. The equivalent image dipoles~see text! for surface
charges induced on the hexagonal BN-vacuum and hexagonal
silicon interfaces are indicated by the arrows below and above
grains.
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56 12 577ISLANDING AND STRAIN-INDUCED SHIFTS IN THE . . .
above and below the interfaces, as shown in Fig. 5. T
depolarization field at the cubic BN grain is that of dipol
oriented as in Fig. 5~a! for normal polarization, and as in Fig
5~b! for parallel polarization. At a given distance from
dipole, the field is twice as large along the axis of the dip
as it is in the equatorial plane.27 Thus the depolarization field
from the interface charges for normal polarization of t
phonon mode is approximately twice as large~and opposite
in sign! as that for polarization parallel to the substrate. Ad
ing contributions~1! and ~2!, we see that the depolarizatio
factors again satisfyNz54p22Nx,y , as for contribution~1!
alone.

Finally, contribution~3! to the depolarization field due t
the other cubic BN grains distributed on the substrate may
calculated as follows: The other cubic BN grains are r
domly distributed on the surface, and their polarization
parallel to that of the grain for which we are calculating t
depolarization field. Thus this contribution to the depolariz
tion field is that of a set of parallel dipoles randomly distri
uted over the substrate, excluding the area occupied by
grain for which we are calculating the depolarization fie
The average contribution to the depolarization field due
dipoles randomly distributed in an annulus of thicknessdr at
a distancer from the grain is equal to

d«x,y5
1

2

ps

r 3 2pr dr ~3a!

for polarization parallel to the substrate, and

d«z52
ps

r 3 2pr dr ~3b!

for polarization normal to the substrate, whereps is the av-
erage dipole strength per unit area of the surface. Thus,
the inclusion of this contribution from the other grains to t
depolarization field, we again find that the relationNz54p
22Nx,y between the depolarization factors remains valid

Substituting this relation into Eq.~2!, we obtain the result
given in Eq.~1!. Much of the argument which leads to th
conclusion is not specific to cubic BN, and should be ap
cable to many wide-band-gap polar semiconductors or in
lators growing on silicon substrates. In particular, the ar
ment giving contribution~3! of other grains on the substra
to the depolarization field within each grain is independen
the details of the shape and local environment of the in
vidual grains. Hence, during the initial stage of growth wh
the coverage is very low, one should find in general for po
materials which grow by island nucleation and coalesce
that dvz

2/dt522dvx,y
2 /dt, wheret is the growth time.

In order to estimate the time dependence of the IR sh
we make some further simplifications to our model
growth: we assume that the aspect ratio of the grains d
not change during the initial growth process, i.e., prior
coalescence of the grains. In this case, the local contribut
~1! and ~2! to the depolarization field within each grain di
cussed above will be constant. Only contribution~3! above,
i.e., due to the dipole fields of the other grains, will chan
with time. At very low cubic BN coverage, i.e., when th
cubic BN initially nucleates, the dipole fields of the oth
grains will be negligible. Assuming that the grains are a
proximately spherical, and that contribution~2! of the inter-
e
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face charges is small, then the local contributions to the
polarization field will be «x,y,z524pPx,y,z/3, and the
frequency of all modes for very low cubic BN coverage w
be approximately equal to the Fro¨hlich frequency,13 vF

5A2vT
2/31vL

2/3.
For a constant rate of cubic BN growth, the radiusa of

the grains will be proportional tot1/3, where t is the time
since initial nucleation of the cubic BN grains, and the av
age dipole strength per unit area of the substrate is pro
tional to t. We then integrate Eq.~3! over radii r .2a ~i.e.,
assuming nonoverlapping grains! to obtain a total contribu-
tion to the depolarization field from other grains on the su
strate which is proportional tot2/3.

Defining a coalescence timetc as the time required for the
grains to coalesce into a uniform layer of cubic BN, a
noting thatvx,y→vT andvz→vL ast→tc , we find that the
time dependence of the mode frequencyvx,y for polarization
parallel to the substrate is given by

vx,y
2 5

12~ t/tc!
2/3

3
vL

21
21~ t/tc!

2/3

3
vT

2 for t,tc ,

~4a!

and the mode frequencyvz for polarization normal to the
substrate is given by

vz
25

112~ t/tc!
2/3

3
vL

21
222~ t/tc!

2/3

3
vT

2 for t,tc .

~4b!

For t.tc , vx,y5vT andvz5vL . As we shall see in Sec. V
below, this model agrees well with the observed depende
of the mode shifts during the initial stages of growth. W
note that this model does not assume that the grains are
form in size over the substrate—only that their aspect ra
does not change much after initial nucleation.

IV. THEORY OF SHIFTS DUE TO STRAIN

The calculated strain shifts of the TO-phono
frequencies28,29 and calculated elastic constants30,31 of bulk
cubic BN allow us to estimate the effects of film strain alo
on the IR-absorption peaks. For a cubic material, there
three independent elastic coefficients30,31 and three indepen
dent coefficients of the phonon shifts.28,29 One irreducible
component of the strain corresponds to isotropic straine iso of
the crystal, a second to uniaxial, traceless straine@001# ~E is
the irreducible representation! along the@001# direction, and
a third component to uniaxial, traceless straine@111# ~T2 is
the irreducible representation! along the@111# direction. Ex-
perimental values32–35 of the bulk modulusB of cubic BN
are in the range 369–382 GPa. The single-crystal shear e
tic constantC44 has a measured value33 of 480 GPa, and the
other independent shear elastic constantCs can be obtained
from the measured values35 of the elastic constantsC115820
GPa andC125190 GPa, asCs5(C1122C12)/25315 GPa.
These coefficients have been calculated using pseudopo
tial plane-wave, total-energy methods30 as B5386 GPa,Cs
5326 GPa, andC445483 GPa, and using all-electron, ful
potential linear muffin-tin orbital methods31 as B
5400 GPa,Cs5327 GPa, andC445493 GPa. We calcu-
lated these coefficients independently, using linear comb
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12 578 56S. FAHY, C. A. TAYLOR II, AND R. CLARKE
tion of Gaussian orbitals total-energy methods, as descr
in Ref. 28, and found values ofB5375 GPa, Cs
5326 GPa, andC445486 GPa, in excellent agreement wi
experimental measurements and with other calculations.

As discussed in Sec. II, above, SFM images indicate
during the initial growth of the cubic BN, the grains a
oriented with their@111# axis normal to the substrate. W
may assume that the normal component of the stress a
surface of the film is zero. The strain in the microcrystallit
oriented with their@111# axes normal to the substrate with n
normal stress on their free surface may be made up o
isotropic strain component of magnitudee iso and aT2 irre-
ducible, traceless strain component of magnitudee@111# . For
the stress on the free surface to be zero, the strain com
nents must satisfye iso/e@111#523B/(2C44)521.153.

The strain parallel to the substrate isex,y5e iso2e@111#/2.
The TO-phonon shift for modes with polarization parallel
the substrate is given by

Dvx,y5
dv

de iso
e iso2

1

2

dv

de@111#
e@111# ,

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

Dvz5
dv

de iso
e iso1

dv

de@111#
e@111# .

Using the irreducible strain shifts,28,29 we find a shift
dvx,y /dex,y5234 cm21 per 1% strain parallel to the surfac
for phonon modes with polarization parallel to the substra
and a much smaller shiftdvz /dex,y524 cm21 per 1%
strain parallel to the surface for phonon modes with po
ization normal to the substrate.

For a cubic BN thin film with randomly oriented micro
crystallites, it is not possible to calculate the elastic consta
and phonon strain shifts exactly, since the stress-strain r
tions depend on the shapes of grains within the materia36

However, we can make an estimate of the elastic const
for the randomly oriented material by a spherical average
the irreducible components of the cubic system. This gi
an estimate for the shear modulusC̄s5C̄445(3C44
12Cs)/55422 GPa for the randomly oriented materia
~This estimate is based on the approximation that the stra
microscopically uniform throughout the material, and t
shear modulus so obtained is an upper bound for the ac
value of the shear modulus.! A similar isotropic averaging of
the phonon shifts for the randomly oriented material gives
average shift of217.6 cm21 of modes with polarization
along the strain for 1% traceless uniaxial strain, a
18.8 cm21 for modes with polarization perpendicular to th
strain. Using these estimates for the randomly oriented
terial, we find that the frequency shift of modes with pola
ization normal to the film is approximately27 cm21 for 1%
strain parallel to the film surface, whereas the mode w
polarization parallel to the film has a frequency shift
229 cm21 per 1% strain.

The above calculation of the mode frequency shift due
strain for polarization normal to the film assumes th
changes in the transverse charge for the zone-center m
and the optical dielectric constant combine to give a b
LO-TO splitting which is not strain dependent. This has be
ed
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shown23 to be approximately true in bulk cubic BN for iso
tropic strain, but has not been measured for unixial strain

V. DISCUSSION AND CONCLUSIONS

From the experimental results and theoretical analy
presented above, the following overall picture of the mo
frequency shifts during nucleation and growth of cubic B
emerges. At the initial nucleation stage the long-wavelen
infrared radiation polarizes small separated cubic BN cr
tallites, leading to a long-range depolarization electric fie
The effect of this field is seen as a shift in the TO-phon
frequency. As the islands coalesce to form a continuous fi
the depolarization field for mode polarization parallel to t
substrate surface rapidly vanishes, and the TO mode ret
to an equilibrium value. The remaining small shift in the T
mode is a measure of the strain of the cubic BN layer. At
same time, the depolarization field for mode polarizati
normal to the surface becomes equal to that for a unifo
film of cubic BN, and the mode frequency tends to the bu
LO value. We will show that this interpretation is compatib
in every detail with measurements of infrared absorptanc
off-normal incidence, whereas the expected effects of
quency shifts due to strain alone are not.

The very small ratioDvz /Dvx,y50.12– 0.24 calculated
~see Sec. IV, above! for the frequency shifts due to strain o
modes with polarization normal to and parallel to the su
strate is in agreement with our measurements of the p
shifts at off-normal incidence in thicker, more uniform film
of cubic BN ~see Table I and Fig. 3!. For thicker films the
peak near the bulk cubic BN TO position shows a sm
systematic shift to higher frequencies with increasing fi
thickness, while the mode near the bulk cubic BN LO po
tion ~i.e., the mode with polarization normal to the surfac!
shows no discernable shift. Moreover, when such films
delaminated from their substrate, the TO mode freque
returns to the bulk, unstrained value of 1065 cm21. This
leads us to ascribe frequency shifts for thicker films to
effects of strain. The valuevT51077 cm21, found in the
films immediately after coalescence, would indicate a co
pressive strain of 0.35–0.4 % parallel to the surface, ba
on the strain coefficients calculated in Sec. IV above. Mo
over, we have found37 that residual film strain decreases dr
matically with growth temperature, resulting in a decrease
the cubic TO-phonon shift by 2 cm21 per 100 °C increase in
growth temperature above 800 °C.

However, during the initial stage of nucleation an
growth of cubic BN, when the film consists of separat
grains of cubic BN, the model presented in Sec. III leads
to expect large shifts in the frequency of the mode polariz
normal to the surface, in contrast to the relatively small sh
expected in strained homogeneous films. Considering
complications of the system geometry which occur in t
real growth process, the experimental results are in rem
ably good agreement with the detailed predictions of t
model.

The ratios of the~negative! shift of the vL
2 to the ~posi-

tive! shift of thevT
2 at the initial stages of growth, as foun

in the off-normal absorption experiments, are listed in Ta
I. We assume that thec-BN islands have a small intrinsic
strain at early nucleation equal to that found immediat
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after coalescence~i.e., the TO frequency shift equals th
measured TO frequency minus a strained equilibrium
quency ofvT51077 cm21!. A ratio D(vL

2)/D(vT
2)52 is ex-

pected from the islanding effects discussed in Sec. III
samples at the early stages of nucleation, when the cubic
grains are well separated. This is seen consistently in th
samples where the shifts are sufficiently large to be relia
measured within the resolution of the FTIR spectrome
The dashed line in Fig. 3 is a plot ofvT5vx,y in Eq. ~4a!
versus the growth time of cubic BN, using a coalesce
time tc5110 min. This coalescence time was determined
subtracting the time at which the growth of cubic BN sta
~i.e., when the hexagonal BN layer is 300 Å thick, as in
cated by TEM images! from the time at which the film coa
lesces~i.e., the time after which the frequency shift rema
approximately constant!. This coalescence time agrees w
with the growth and coalescence of grains indicated in S
images. The time axis in Fig. 3 is measured from the tim
which cubic BN growth begins. We note that for very sh
growth times the absorption peaks are difficult to resolve
to the very low coverage of cubic BN.

In conclusion, we find no evidence in the IR-absorpt
peak shifts to support the theory that cubic boron nitr
nucleates at a time of exceptionally high strain, or that la
compressive strain is a driving force for the hexagon
to-cubic transition. Rather, we find that the very large f
quency shifts that occur during early growth indicate
nucleation of small cubic BN grains when the hexagonal
film is approximately 300 Å thick. Based on the time it tak
.
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to form a continuous cubic layer~110 min after the growth of
the amorphous and hexagonal layers!, the nucleation sites ar
separated from each other by'500 Å, and coalesce to form
an approximately uniform layer when the grain size equ
the average separation of the nucleation sites. This is co
tent with the average grain size we measure from TEM da
field image analysis and SFM images. While the results s
gest that a small amount of compressive strain~0.35–0.4 %!
is present at initial nucleation, this strain is smaller than t
observed in thicker films. Moreover, regardless of the
crease in residual film strain~to values well below that
needed for bulk-phase thermodynamic stability of cubic B!
at higher growth temperatures, we continue to see
amorphous-hexagonal-cubic morphology, further indicat
that strain has little to do with the formation of cubic B
films. We note that the present results for the shifts of
IR-absorption peaks are compatible with the proposal5 that
energetic ions serve to disrupt thesp2-bonded hexagona
BN material, creating localsp3 bonding sites for the nucle
ation of the metastable cubic BN.
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