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optical properties of pyrolytic boron nitride in the energy range 0.05—10 ev
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Optical reflectance studies of the c face of pyrolytic boron nitride were carried out at room tem-
perature in the photon energy range 0.045—10 eV. A Kramers-Kronig analysis was performed to
determine the in-plane real (e&) and imaginary (ez) dielectric functions. Infrared-active transverse-

optic phonons were observed at 770 and 1383 cm '. Strong impurity- and defect-associated absorp-
tion was observed throughout the visible and near-ultraviolet region (1—5 eV) which masks, to some
extent, the threshold for absorption across the electronic energy band gap. From e2(co) and the ab-

sorption coefficient we estimate the direct band gap between m bands to be 5.2+0.2 eV. Interband
transitions associated with high joint density of states were observed at 6.10 and 6.85 eV. The struc-
ture in e2(co) at energies Ace) 5 eV is identified with specific transitions predicted by previous
energy-band calculations.

I. INTRODUCTION

Hexagonal pyrolytic boron nitride has in recent years
become a material of considerable technological impor-
tance to the GaAs semiconductor industry and material
science as a new crucible material used for purifying and
preparing new compounds. From a fundamental scientif-
ic viewpoint, boron nitride (BN) represents an interesting
quasi-two-dimensional, insulating analog to semimetallic
graphite. Both BN and graphite share the same point
group (D6h) and have a crystal structure in which atoms
are arranged hexagonally into layers having strong in-
tralayer bonds and weak interlayer bonds.

Whereas the agreement between electronic energy-band
calculations and experiment is now considered quite good
for the case of graphite, ' there still exists considerable
disagreement between experiment and theory in this area
in BN. For example, values for the band gap in BN span
a rather wide range: 3.2—5.8 eV (experimental) ' and
2.45—12.7 eV (calculated). ' ' Electronic absorption
has been studied in the ultraviolet by photoluminescence,
electron-energy-loss spectroscopy (EELS), ' transmis-
sion, ' ellipsometry, " and x-ray emission. ' To our12, 13

knowledge no single optical study has been carried out
over a photon energy range of sufficient width to allow an
accurate determination (via Kramers-Kronig relations) of
the optical constants.

In this paper we present the results of such a study. We
have measured the reflectance at near-normal incidence of
well-characterized samples of pyrolytic boron nitride in
the photon energy range 0.045—10 eV and determined the
dielectric function e(co) =E&(co)+ie2(co) and the electron-
energy-loss function Im( —I /e). These experimental re-
sults will be compared to reported electron-energy-band
calculations. ' '"

II. EXPERIMENTAL DETAILS
AND SAMPLE CHARACTERIZATION

A large plate (6X10&&0.1 cm ) of pyrolytic boron ni-
tride (p-BN) prepared by high-temperature chemical va-
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FIG. 1. Raman spectra and normal modes of E2g intralayer
modes. The data were taken on the c face in the Brewster-angle
backscattering geometry.

por deposition (CVD) onto a graphite substrate was ob-
tained from Union Carbide. ' Smaller samples used for
the spectroscopic measurements (8&(8)& 1 mm ) were cut
from the original plate using a diamond wire saw and sub-

sequently polished to an optical finish with a succession
of finer particle-s'ize grits. The final polish was accom-
plished with 0.05 pm alumina powder (Buehler) and dis-
tilled water. The samples were then washed in spectral
grade carbon tetrachloride.

The structure of hexagonal boron nitride, as determined

by Pease, is shown in Fig. 1. Strong sp bonds between
boron and nitrogen atoms result in the hexagonal organi-
zation shown, where the boron atoms are threefold coordi-
nated to - nitrogen atoms. Hexagonal BN exhibits
ABAB . stackin. g. with boron atoms in layer A found
directly below nitrogen atoms in layer 8. The ABAB. ..
stacking in graphite is associated with a glide displace-
ment between adjacent carbon layers such that the corners
of the hexagons in one layer are directly above (or below)
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the centers of hexagons in the next layer. X-ray (001) dif-
fraction scans of our p-BN samples were obtained using a
GE XRD-6 diffractoineter equipped with a Mo x-ray
source and an energy-dispersive Si:Li detector. The inter-
plane spacing along the c axis determined from the peak
positions was found to be —,'c=3.33 A. This value agrees
with that reported by Pease for well-annealed p-BN
samples, compares well with that of single-crystal BN
(3.315 A), and is within the range of —,'c=3.33—3.43 A
(Ref. 24) previously reported for CVD pyrolytic BN. This
range of c-axis values for CVD p-BN may be responsible
for the poor agreement between various experimental
values for the energy band gap. We observe a full width
at half maximum (FWHM) for the (001) reflection of
1.02 . This indicates that although our pyrolytic boron ni-
tride samples were polycrystalline in the basal plane, there
is long-range c-axis stacking order (-70 A) and good c-
axis alignment among the crystallites over several mm
area (x-ray beam diameter =2 mm).

To further characterize our samples we measured the
Raman spectrum in the range of first-order scattering
(0—1400 cm '). The Raman spectrum (-300 K) of p-
BN is shown in Fig. 1. The spectrum was taken in the
Brewster angle backscattering geometry with the Raman-
scattered radiation collected along the c axis of the sam-
ple. Radiation (4880 A) from a Spectra Physics 164
argon-ion laser was used to excite the modes. A Spex
1402 double-holographic grating monochromator and a
dry-ice-cooled ITT FW130 photomultiplier tube inter-
faced to a microcomputer were used to acquire the spec-
trum.

Two Raman-active (E2g) modes ' were observed at
49 and 1367 cm ', with respective full width at half-
maximum intensity of -3 and —16 cm . We believe
the weaker feature at 38 cm ' to be an artifact and not at-
tributable to the sample. The widths are corrected for the
monochromator resolution (-4 cm '). The nature of
these zone-center normal modes (q=O phonons) is shown
as insets in Fig. 1. The frequencies we report (49 and
1367 cm ') are in good agreement with those reported by
other workers. ' The FTHM of the 1367-cm
mode is twice that measured by Kuzuba et al. for single
crystals, but only ——„' that measured by Geick et al. for
p-BN. The position and FWHM of the 1367-cm ' mode
have been shown ' to vary linearly with inverse crystal-
lite size (basal-plane dimension). The peak position down
shifts by -8 cm '. and the FWHM decreases from 40 to
9 cm ' as the basal-plane crystallite size varies from 35 to
500 A. This suggests that the crystallites in our CVD p-
BN samples have an average basal-plane diameter of
—190 A.

The reflectance of p-BN was studied over the photon
energy range 0.045—10 eV (with light at near-normal in-
cidence to the polished c face). A ~

-m grating mono-
chromator (Spex model no. 1670) with globar and W-
filament sources, six gratings, order sorting filters, and a
pyroelectric detector were used in the infrared and visible
regions. This spectrometer covered the range from
0.045—2.0 eV. A prism monochromator (Perkin-Elmer
model no. 83) with a quartz prism, W-filament and deu-
terium lamp sources, MgF2-coated aluminum mirror op-

ties, and a photomultiplier detector were used in the
visible-uv spectral region from 1.5 to 6.2 eV. In each of
these spectrometers the sample reflectance was determined
using single-beam optics by substituting a standard mirror
for the sample at each wavelength. Sample and standard
mirror were mounted adjacent to one another on a optical
translation table whose position is computer controlled.
The reflectance is thus the ratio of the intensities refiected
from the sample and standard mirror corrected for the re-
flectance of the standard mirror. Evaporated Au films
were used as the standard in the infrared while a MgF2-
coated aluminum film was used for the visible and ultra-
violet regions. The absolute reflectance of io-BN was mea-
sured for photon energies from 5.0 to 10.0 eV using a
McPherson model no. 225 (Seya-Namioka) monochroma-
tor with a Hintenrigger H2 lamp. A rotatable sodium
salicylate-coated light pipe and external photomultiplier
tube were used as the detector. The sample chamber was,
evacuated to —10 Torr.

III. RESULTS AND DISCUSSION
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FIG. 2. Reflectance of pyrolytic boron nitride taken at near-
normal incidence to the c face at 300 K.

Reflectance data from the three spectrometers discussed
in Sec. II were joined together to form the spectrum
R (co), 0.045 &fico& 10 eV shown in Fig. 2. Low- and
high-energy extensions of the data were added in order to
carry out the Kramers-Kronig transformation of R (co) to
yield the dielectric function

E(O, co) =e&(0)co)+1 e(02, c)o—=ei(co)+l &2(co)

Since BN is an insulator, the reAectance data were extra-
polated below 0.045 eV as a constant. The high-energy
extension of R (co) was carried out using (1) the data of
Mamy et al. " (10—30 eV), (2) R(co)-co ' (30—100 eV),
and (3) thereafter as R (co)-co
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The data (and extensions) were transformed according
to standard techniques to yield the real (e, ) and imagi-
nary parts (e'2) of the dielectric function. The process in-
volves the calculation of the phase-shift integral 8(co),

coo ~ ln[R (co)/R (coo)]
0(coo) = dco .

~o —

Once the phase-shift integral 8(co) is known, e&(co) and
e2(co) can be calculated directly without approximation.
In Fig. 3 we display the results of the Kramers-Kronig
transformation. The functions e &(co ), e2(co ), and
Im[ —I/e(co)] are displayed on a logarithmic photon en-

ergy scale.
Turning our attention to the upper panel [e~(co)],

features at -0.1 and -0.2 eV are associated with
transverse-optic (TO) photons. Below -0.07 eV e&(co) is
seen to be constant and has the value e~

——3.55. This value
is to be compared with the value 5.12 obtained at 4 GHz

Photon Energy (eV)

FIG. 3. Real and imaginary dielectric constants and
electron-energy-loss function of pyrolytic boron nitride deter-
mined by a Kramers-Kronig analysis of the data displayed in
Fig. 2.
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using microwave techniques on similar material.
Low-energy features in ez(co) (middle panel of Fig. 3)

corresponding to the TO phonons appear as sharp lines at
-0.1 and -0.2 eV. This frequency region has been re-
plotted in Fig. 4 where the dots represent the data and the
solid line represents the results of a Lorentz oscillator fit
to the TO-phonon features. The symmetry labels in the
figure are in agreement with assignments made in previ-
ous work. ' ' Also shown are schexnatic views of the
respective ir-active, in-plane (high-frequency), and out-of-
plane (low-frequency) modes associated with the E» and
A2„zero wave-vector phonons. The TO-phonon data
were analyzed in the usual manner by fitting the infrared
region to the expression

(co )=e ~ +'

J N —co —l cc)I j
(2)

where e„ is the high-frequency dielectric constant and f, ,
I J, co& are the osciHator strength, half-width and frequen-
cy of the jth phonon. A comparison of our results with
that of Geick et aI. can be found in Table I. Of particu-

Photon Energy (eV)

FIG. 4. Imaginary dielectric constant, e2(co), in the infrared
region. The structure is due to transverse-optic phonons with
frequencies of 770 and 1383 cm '. The data were fitted to
Lorentzian line shapes (Table Ij represented by. the solid line.
The misfit on the high-energy side of the EI„phonon is identi-
fied with two-phonon absorption.

TABLE I. Infrared TO phonon in p-BN. The parameters (coj, I J, f, ) were determined by a Lorentz
oscillator fit to e2(co), see Eq. (2) in the text.

A2„(out of plane} E~„(in plane)
co~ (cm ') I ~ (cm ') 10'�& (cm ~) co2 (cm ') I 2 (cm ') 106f2 (cm ')

This work
Geick et al. (Ref. 25)

770+3
767

18a+4
35

3.8+0. 1

12.3
1383+5

1367
30'+4

29
0.75+0.01

3.49

'Corrected for instrument resolution.
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FIG. 5. Imaginary dielectric constant, e2(co), and absorption
coefficient, a(co), due to electronic absorption in pyrolytic boron
nitride. The absorption below -5 eV is identified with impurity
and/or defect states. The threshold for m —+m band absorption
is indicated at 5.2 eV. The transition assignment labels in the
figure are consistent with those found in the right-hand panel of
Fig. 6.

lar significance is that the TO frequencies found in this
work are somewhat higher, especially in the case of the
in-plane (E») phonon. This may well be due to differ-
ences in the samples. The three samples we measured,
which came from the same large p-BN plate, yielded
values within the error listed in Table I. On the high-
energy side of the E~„phonon the deviation of the data

from the Lorentzian line shape shown (Fig. 4) is due to
the presence of additional two-phonon absorption. The
A» out-of-plane mode cannot be excited at normal in-

cidence (El c), however, at near-normal incidence some

incident rays have an E~
~

c component which does couple
to the A» mode. The oscillator strength (Table I) for this
mode is therefore of little quantitative value.

Electronic absorption begins at —1 eV, as can be seen
in the middle and lower panels of Fig. 3. A broad contin-
uum is observed from —1 to -5 eV; above 5 eV the ab-
sorption rises abruptly due to intrinsic interband transi-
tions (m ~m ) across the insulating band gap. We attribute
the 1—5 eV continuum to transitions involving impurity
and defect states distributed throughout the gap. This im-
purity absorption is strong and also broadens the onset of
m.—+m transition. In Fig. 5 we display e2(co) and the ab-
sorption coefficient a(co) on a linear energy scale to
display clearly the separation of the impurity absorption
and the ~—+m threshold. The inset in the figure is due to
calculations by Doni and Parravicini' based on a two-
dimensional, tight-binding calculation and indicates the
joint density-of-states (JDOS) function and e2(co) for the
onset of ~~m transitions. The curves in the inset to Fig.
5 show a steep rise near -5.8 eV followed by a single
peak near -6.6 eV, in qualitative agreement with the
data. The data, however, show a peak at 6.10 eV and a
shoulder at 6.85 eV. The shoulder at 6.85 eV is associated
with c-axis dispersion, a point which we discuss later.

Several other band calculations have also been reported.
The direct band gaps associated with these energy-band
calculations are as follows: Taylor and Coulson, ' 4.6 eV
(2D); Nakhmanson and Smirnov, ' 2.45 eV (3D); Zupan
and Kolar, 4.9 eV (3D); Zunger et al. ,

' 3.7, 5.1, and 5.5
eV (2D); Zunger, ' 2.95 and 5.44 eV (2D); Dovesi et al. ,

2O

12.7 eV (2D); Robertson, ' 4.2 eV (3D). The abbreviations
2D and 3D refer to two- and three-dimensional band cal-
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TABLE II. Low-energy optical transitions allowed for El c which contribute to e2(co). All transi-
tion energies are in eV. The symmetry labels are consistent with those found in Figs. 5 and 6. OPW
denotes orthogonalized plane wave calculation. EXH, SIEXH, and MIEXH denote extended, simpli-
fied iterative, and modified iterative Huckel calculations, respectively.

Experiment
This work
Reflectance
Cazaux (Ref. 6)
EELS
Vilanove {Ref. 7)
EELS
Mamy et al. (Ref. 11)
Ellipsometry
Choyke in Ref. 14
Reflectance

H3~H2
(Band gap)

5.2

& 5.0

5.6

Qzg Qz.

6.10

6.0

6.2

6.3'

6.5'

Q2. Q2g

6.85

6.7

7.0

3D Band structures
Doni and Parravicini (Ref. 14)
Tight binding
Nakhmanson and Smirnov (Ref. 15)
OPW
Zupan et al. {Refs. 8 and 16)
Tight binding
Robertson (Ref. 17)
Tight binding

2D Band structures
Doni and Parravicini (Ref. 14)
Tight binding
Zunger et al. (Ref. 10)
EXH
SIEXH
MIEXH

'No high-energy shoulder evident near -7 eV.

5.6

2.45

4.9

4.2

Pl —+P2
(Band gap)

5.8

5.5
3.7
5.1

6.1

3.2

6.5

Q2 Q~

6.7

6.3
6.0
6.3

7.1

5.2

11.0

7.9

culations. These values would suggest that pure and
defect-free BN should be transparent in the visible and
near-ultraviolet range. The white color of p-BN is there-
fore not intrinsic but associated with impurity and defect
states in the band gap. The wide range of experimental
values reported for the band gap may in large part be due
to the presence of these gap states: Larach and Shrader
(photoluminescence), 5.5. eV; Zupan and Kolar (absorp-
tion), 4.3 eV; Baronian (absorption), 5.8 eV; Zunger
et al. ' (absorption), 5.8 eV; Fomichev' (x-ray emission),
3.6 eV; Tegeler et al. ' (x-ray emission), 3.2 eV.

These values for the band gap are to be compared to a
value of 5.2+0.2 determined from this work. We identify
the band gap by the position in energy of the rapid change
in slope (Fig. 5) of ez(co) or a(co) which occurs as the con-
tribution from the m. ~m transitions to the total absorp-
tion becomes evident relative to the impurity background
absorption. The thick solid lines in the figure represent
an extrapolated background and serve as a guide to the
eye.

In Fig. 6 we show representative 2D.and 3D tight-
binding energy-band calculations' for BN in the left- and

right-hand panels, respectively. The 2D and 3D hexago-
nal Brillouin zones are shown between these panels. Im-
portant low-energy optical transitions (q=0), allowed in
near-normal incidence experiments on the c face (El c ),
are indicated as bold vertical arrows in the panels. The
corresponding photon energies Aco=Ef —E;, where E;
and Ef refer to the initial and final electronic energies, are
also indicated next to the respective arrow in the figure.
When they were not tabulated, ' ' ' we have estimated
values for these optical energies from the dispersion
curves.

From Fig. 6 we see that the direct energy gap is associ-
ated with the P point (P& «Pz ) and with the H point
(H3«H2) in the 2D and 3D calculations, respectively.
Although all reported calculations exhibit bands jof simi-
lar form to those of Doni and Parravicini' displayed in
the figure, the results of these authors compare most
favorably with structure in our data in the 5—10 eV re-
gion. We compare other experimental and theoretical re-
sults for structure in this energy region in Table II. Ex-
perimental results appear first, followed by results of 3D
and 2D calculations.
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Returning to the energy bands displayed in the left- and
right-hand panels of Fig. 6, we see that the bands found in
the right-hand panel (3D) are associated only with the
bands indicated by dashed lines in the left-hand panel
(2D). (The two panels are plotted with different energy
scales. ) 3D calculations ' ' show that the gap occurs
at the H point, rather than the E point, because of c-axis
dispersion. The interlayer interaction in BN is also seen
to produce significant splitting in the n bands, as is evi-
dent in the figure. This splitting gives rise to two transi-
tions (Q2s~gq„and Qz„~Quiz) at the Q point, rather
than the one transition (Qq —+Qq ) predicted in 2D cal-
culations. Thus, the 3D JDOS function would appear
similar to that shown in the inset of Fig. 5, but would
have an additional high-energy shoulder, such as the one
that appears at 6.85 eV in our experimental e2(co). The
symmetry labels indicated in Fig. 5 are consistent with
those found in the right-hand panel of Fig. 6. We identify
the peaks in ez(co) at 6.10 and 6.85 eV with the Q point in
the 3D calculations. Assuming this assignment is correct,
these peaks provide a direct measure of the c-axis disper-
sion. This point was also appreciated by Doni and Par-
ravicini' in reference to peaks in e2(co) at 6.2 and 7.0 eV
in the unpublished data of Choyke. As far as we know,
the data of Choyke have never been published. Peaks in
e2(co) at 6.0 and 6.7 eV determined by ellipsometry" have

been reported recently and are in good agreement with the
unpublished results of Choyke' and this work.

IV. SUMMARY AND CONCLUSIONS

We have studied the optical reflectance (El c ) of chem-
ically vapor-deposited pyrolytic boron nitride in the ener-

gy range 0.045—10 eV. We find a value of 3.55 for the
static dielectric constant, and TO phonons were observed
at 770 and 1383 cm '. In the region 1—5 eV, strong
impurity- and/or defect-associated absorption was ob-
served which masks and broadens the onset of rr~rr tran-
sitions at 5.2 eV. Further structure in e2(co) is found at
6.10 and 6.85 eV which is attributed to m-band splitting at
the Q point consistent with 3D energy-band calculations.
Our data [e2(co)] in the. 5—10 eV range are in good agree-
ment with tight-binding calculations of Doni and Parravi-
cini. Further experimental work in p-BN is planned in
the 10—40 eV region.
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