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The optical properties of hexagonal boron nitride (h-BN) thin films were studied in this paper. The films were

characterized by Fourier transform infrared spectroscopy, UV–visible transmittance and reflection spectra. h-BN thin

films with a wide optical band gap Eg (5.86 eV for the as-deposited film and 5.97 eV for the annealed film) approaching

h-BN single crystal were successfully prepared by radio frequency (RF) bias magnetron sputtering and post-deposition

annealing at 970 K. The optical absorption behaviour of h-BN films accords with the typical optical absorption charac-

teristics of amorphous materials when fitting is made by the Urbach tail model. The annealed film shows satisfactory

structure stability. However, high temperature still has a significant effect on the optical absorption properties, re-

fractive index n, and optical conductivity σ of h-BN thin films. The blue-shift of the optical absorption edge and the

increase of Eg probably result from stress relaxation in the film under high temperatures. In addition, it is found that

the refractive index clearly exhibits different trends in the visible and ultraviolet regions. Previous calculational results

of optical conductivity of h-BN films are confirmed in our experimental results.
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1. Introduction

There are four common polytypes in the boron
nitride system, hexagonal (h-BN), rhombohedral (r-
BN), cubic zincblende (c-BN) and wurtzite (w-BN).
In the system, hexagonal boron nitride (h-BN) is
the most stable equilibrium state with a graphite-
like structure in which flat hexagonal sheets with sp2

bonds are layered on top of each other by an ABAB
stacking sequence. In the past decade, various types
of compounds containing π electrons, i.e., fullerenes,[1]

nanotubes[2] and one sheet of graphite, have attracted
extensive basic research because of their fascinating
physical and mechanical properties by virtue of their
peculiar atomic structures. Also, h-BN is one of the
interesting compounds with π electrons.[3] In its me-
chanical properties, h-BN is similar to graphite, and
it is also a typical layered material with strongly
anisotropic chemical bonds, so h-BN is employed as a
wear-resistant lubricant.[4] Interestingly, the electronic
and optical properties of h-BN are clearly different
from those of graphite. Hexagonal boron nitride is a

wide-gap semiconductor with high electrical resistivi-
ties, low dielectric losses and good transmittance over
a wide spectral range from visible to infrared and up
to the microwave part. It also shows excellent ther-
mal conductivity and stability, low density and high
chemical inertness. By virtue of the above outstanding
properties, h-BN is widely used in vacuum technology,
microelectronic devices[5] and optical devices,[6] espe-
cially some special applications at high temperature.

A lot of experiments and calculations have fo-
cused on the band gap energy and band structure of
h-BN. However, whether h-BN is a direct band gap
semiconductor or not is not yet absolutely confirmed.
Previous results indicated that the band gap energy of
h-BN ranges from 3.2 to 5.97 eV.[6−9] In 2004, Watan-
abe et al [6] found that h-BN is a very promising mate-
rial for ultraviolet laser devices. Based on the strong
luminescence peak at 5.765 eV, they assumed that h-
BN is a direct-band-gap semiconductor with a band
gap of 5.971 eV. On the other hand, Arnaud et al [7]

reported that h-BN is an indirect-band-gap semicon-
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ductor. Latterly, the latest results reported by Evans
et al [8] indicated that the quasi-direct band-gap en-
ergy in h-BN was (596 ± 0.04) eV, which was similar
to the result by Watanabe. The optical band gap Eg

was confirmed to be (596 ± 004) eV. Samples em-
ployed in the above research were commercially avail-
able high purity h-BN powder or single crystals grown
under high pressure and high temperature (HP/HT).
In fact, h-BN thin film has more significance in h-BN
optical and electronic industry applications. However,
the values of Eg for h-BN thin films are mainly limited
the range of 3.8 to 5.2 eV.[10−12] Chen et al reported
that the Eg of pure h-BN films deposited by a tra-
ditional radio frequency (RF) sputtering system was
only 4.2 eV.[11] Noreika and Francombe[12] obtained
h-BN films with Eg of 4.9–5.2 eV by a reactive sput-
tering system. It is still difficult to deposit h-BN thin
films with an Eg close to that of bulk h-BN. To the
best of our knowledge, h-BN thin films prepared by
physical vapour deposition (PVD) with a band gap
above 5.5 eV have not been reported. In this paper,
h-BN thin film with Eg of 5.97 eV, which is close to
the h-BN single crystal, was successfully prepared by
RF bias magnetron sputtering and post-deposition an-
nealing. Furthermore, variations of optical constant
(absorption coefficient (α), optical band gap (Eg), re-
fractive index (n)) and optical conductivity (σ)) of the
h-BN film were investigated. Our experimental results
of the optical conductivity of the h-BN films confirm
previous theoretical calculations by other researchers.

2. Experimental

The h-BN films were deposited on fused silica
flats and IR transparent silicon (100) wafers in the
same process by the RF (13.56 MHz) bias magnetron
sputtering technique. The target consisted of a single-
phase 80 mm diameter hot-pressed h-BN disk with pu-
rity over 99.9%. The distance between the target and
the substrate was set as 5 cm. Before sputter deposi-
tion, the substrates were cleaned in an ultrasonic bath
of special cleaning solution. The vacuum chamber was
initially pumped down to lower than 8×10−4 Pa using
a turbomolecular pump and then a mixture of puri-
fied Ar (75%) and N2 (25%) gas (corresponding in a
ratio of 3:1) was introduced into the chamber. Dur-
ing the deposition, the pressure of the chamber was
maintained at 1 Pa. A pre-sputtering process for 10
minutes was introduced prior to the formal deposition
in order to further activate and clean the substrate

and improve the adhesion. A low negative bias (–
30 V) was applied to a molybdenum electrode under
the substrates by a direct current power supply. The
RF power was kept constant at 250 W throughout
the whole deposition. The deposition process lasted
for 1 h without extra substrate temperature control.
The film thickness measured by a TENCOR alpha-
step profilometer was usually kept about 320–360 nm.

The as-deposited h-BN film was labelled as film
A. Film A was cut and annealed at 970 K for 1 h with
a heating rate of 15 K/min, then cooled down to room
temperature gradually to obtain film B. The anneal-
ing was carried out immediately after film deposition.
Film B was under the protection of pure N2 (standard
atmosphere) in the whole annealing process after the
chamber was evacuated to a pressure of less than 2 Pa.

The vibrational properties of the h-BN films
were primarily studied by Fourier transform infrared
(FTIR) spectroscopy with a WQF–310 spectrometer.
The FTIR transmission measurements were carried
out at normal incidence and room temperature. The
transmittance Te(λ) and reflectance Re(λ) were mea-
sured as a function of incident photon wavelength λ at
wavelengths between 200 and 800 nm from films de-
posited on fused silica using a Shimadzu UV-3101(PC)
spectrophotometer at normal incidence. The light
sources of the spectrophotometer were tungsten and
deuterium lamps, the detectors were PM and PbS,
respectively. The spectrophotometer was used in
double-beam mode. The upper energy limit of the
spectrophotometer is about 6.21 eV (198 nm).

3. Results and discussion

In Fig.1 curve A shows the FTIR transmittance
spectrum of the film A (as-deposited) deposited on sil-
icon substrate. A strong IR peak centred at 1372 cm−1

(B–N stretching) and a weak peak at 775 cm−1 (B–
N–B bending) clearly reveal the two vibration modes
of the sp2 bond in h-BN. This indicates that film A is
composed of the pure h-BN phase. The FTIR spec-
trum of film B (annealed at 970 K) is shown by curve
B in Fig.1 A slight concavity at 1103 cm−1 may origi-
nate from vibration modes of other phases for curve B
in Fig.1. This indicates that the h-BN film deposited
by RF bias magnetron sputtering without extra sub-
strate temperature control can maintain the available
structure stability at a high temperature under atmo-
spheric pressure.
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Fig.1. FTIR spectra of the RF magnetron sputtered h-BN

films deposited on silicon substrate: film A as-deposited

and film B annealed at 970 K for 1 h.

Figure 2 displays the optical reflectance spectra
Re(λ) and transmittance spectra Te(λ) of the h-BN
film A (as-deposited) and B (annealed) deposited on
fused silica substrate from 200 to 800 nm. Interference
phenomena are evident, as shown in the reflectance
spectra Re (λ). The reflectance of film A nearly keeps
a constant value around 11% from 200 to 800 nm. Af-
ter annealing at 970 K, the reflectance of film B still
keeps constant in the visible region, and goes up to
18% with decreasing photon wavelength λ in the ul-
traviolet region. From Fig.2 it is very clear that the
reflectance of curve B is higher than that of curve A
when λ < 270 nm, because the density of the BN
film is becoming larger after being annealed so that
its refractive index n is also getting larger.

Fig.2. The transmittance spectra Te(λ) and reflectance

spectra Re(λ) of the RF magnetron sputtered h-BN films

deposited on fused silica substrates (A) as-deposited and

(B) annealed at 970 K for 1 h.

Based on the interference theory of films, the re-
flectance increases with the increase of refractive index
n. In transmittance spectra Te(λ), the transmittance
of film B still keeps above 85% as high as that of film

A within the visible region (400–760 nm), while the
optical absorption edge of film B noticeably moves to
high energy in the ultraviolet region. This indicates
that the optical band gap Eg of h-BN film increases af-
ter 970 K annealing. Factors such as enhanced surface
scattering owing to the increase of surface roughness,
accumulation of boron in BN films caused by nitro-
gen loss and stress relaxation in film at high temper-
ature may be used to explain why high temperature
can influence the reflectance and transmittances of h-
BN film in the ultraviolet region. Thermal history
is clearly vital to the variation of the optical proper-
ties of h-BN films, because high temperature thermal
treatment may change the structural and/or mechan-
ical properties of the BN films. A change of structural
and/or mechanical properties can lead to change in
the optical properties of the BN films during anneal-
ing treatment. Figure 1 shows that no clear structural
changes occur in the h-BN film B after high temper-
ature annealing, which indicates that phase transfor-
mation is not the key factor influencing optical proper-
ties of h-BN films. On the other hand, large amounts
of structural defects exist in the bias RF-sputtered h-
BN films because of energetic particle bombardment
by negative bias during deposition. The existence of
structural defects can lead to residual stress in film
A. After 970 K annealing, the structural defects can
be eliminated and the residual stress can be relaxed
in film B. Moreover, lots of strong evidence revealed
that a close relation exists between the optical ab-
sorption edge and the stress of amorphous thin films.
Kumar et al reported that Eg increases, i.e. blue shift
of the optical absorption edge, with the decrease of
stress.[13] The relation is not limited to a particular
type of material but rather universal in nature. Ac-
tually in our experimental results, the clear blue shift
of the optical absorption edge probably results from
the stress relaxation induced by high temperature an-
nealing. This result indicates that the variation of
the stress noticeably influence the optical absorption
properties of h-BN film.

The absorption coefficient α of the h-BN films can
be determined by the measured optical transmittance
Te(λ) and reflectance spectra Re(λ) and the following
equation group[14]

Re = R +
R (1−R)2 exp (−2αd)

1−R2exp (−2αd)
, (1)

Te =
(1−R)2 exp (−αd)
1−R2exp (−2αd)

, (2)

where d is the film thickness, and in the case of normal
incidence, R can be expressed simply as a function of
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the refractive index n, i.e., R = (n−1/n+1)2. By re-
solving equation group (1) and (2), we get the follow-

ing computational formulas of absorption coefficient α

of the h-BN films:

α = ln


1− 2Re + R2

e − T 2
e −

√
4T 2

e + (T 2
e −R2

e + 2Re − 1)2

2Te




/
d. (3)

Figure 3 shows the variations of absorption coef-
ficient α as a function of incident photon energy hν

for the h-BN films A and B. The curves are clearly
divided into three regions, i.e., a low absorption re-
gion at low energy, followed by a region in which α

varies exponentially as hν, and then α increases with
(hν)p (p = 1/2 for a direct band gap material and
p = 2 for an indirect band gap material) in the high
energy region. This is consistent with the results of
Tauc[15] who reported the intrinsic absorption spectra
of amorphous semiconductors. In the weak absorption
region, the intensity and shape of film absorption de-
pending on the components, preparation of films and
thermal history reflect the magnitude and distribution
gap density of states.[16]

Fig.3. The absorption coefficient α calculated from the

measured Te(λ), Re(λ) and Equation (3) as a function of

incident photon energy hν for the h-BN films A and B. The

dashed lines are fits of the absorption tails of the films to

the Urbach equation.

In amorphous semiconductors, exponentially in-
creased absorption in the middle level energy region
was first observed by Urbach.[17] It may be attributed
to a broadening of states caused by the disordered
structure of the films and the presence of exponen-
tially distributed states below the absorption edge ex-
tending into the gap of the films. The exponential tail

can be characterized by the Urbach expression

α = α0 exp (hν/E0) , (4)

where α0 is a constant, E0 is the Urbach energy.
The larger E0 value of amorphous semiconductors re-
lates to greater compositional or structural disorder
and greater average coordination.[18] The dashed lines
shown in Fig.3 show the fits of the absorption tails of
the two films according to the Urbach equation. The
Urbach energies of films A and B obtained from these
fits are 0.78 and 0.91 eV, respectively. The increase
of E0 indicates the increase of structural disorder and
average coordination in film B, which can be qualita-
tively inferred from the widening of the FTIR absorp-
tion peak in Fig.1.

Hexagonal BN is a direct band gap material based
on the latest results reported by Evans et al.[8] The
absorption coefficient α varies as (hν)p in the high
energy region due to band-to-band transitions, where
p = 1/2 for direct band gap h-BN. For films A and
B, the absorption coefficient α has the form of αhν =
K1(hν−Eg)1/2, where K1 is a material constant. The
graphs of (αhν)2 versus hν are shown in Fig.4 for the
films A and B. The optical band gap Eg of 5.86 eV of
film A can be given, when the linear portion of the plot
(αhν)2 versus hν is extrapolated to the (αhν)2 = 0
point. The optical band gap Eg of film B increases
up to 5.97 eV after 970 K annealing. This value is
considerably closer to that of h-BN single crystal.[6−8]

To our knowledge, sputtered h-BN film with such a
wide band gap has not been reported previously. The
values of optical band gap obtained here are also very
close to those of BN thin films calculated from the
optical reflectance spectra Re(λ).[19]

The computational formula of the refractive index
n of the BN films can be calculated from the measured
optical reflectance spectra Re(λ) and transmittance
spectra Te(λ) data by resolving equation group (1)
and (2)
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R =
R2

e − 2Re − 1− T 2
e +

√
4R2

e − 8Re + (1 + 2Re −R2
e + T 2

e )2

2Re − 4
, (5)

n =
1 +

√
R

1−√R
. (6)

Fig.4. Determination of the optical band gap of the direct-

band-gap h-BN films A and B from the plot of (αhν)2

versus hν.

Figure 5 shows variations of the refractive index
n as a function of incident photon wavelength λ for
films A and B. In the visible region, the refractive in-
dex of films A and B varies from 1.54 to 1.65 and 1.61
to 1.69, respectively. Similar results have also been
reported by Ishii and Sato who found that the optical
properties of h-BN are highly anisotropic, and the

Fig.5. Variations of the refractive index n calculated from

the transmittance and reflectance measurements Te(λ)

and Re(λ) using Eqs.(5) and (6) as a function of incident

photon wavelength λ for the h-BN films A and B.

refractive indexes parallel and perpendicular to the c

axis are 2.05 and 1.65, respectively.[20] It is notice-
able that the n value of the h-BN film increases after
high temperature treatment, which can be attributed
to the increased density of h-BN film after annealing.

In the region of the absorption edge, the refractive in-
dexes of the h-BN films increase with incident photon
wavelength λ reducing to 200 nm.

Since the absorption coefficient α and refractive
index n are known, the optical conductivity σ can be
deduced from the following equation

σ =
αnc

4π
. (7)

As shown in Fig.6, the optical conductivity σ

of h-BN films in the visible region is much lower
than that in the high energy ultraviolet region. Af-
ter annealing, the σ of h-BN film B increases and
varies monotonously with incident photon wavelength
λ from 760 to 400 nm. In the threshold region (en-
ergy > 4 eV), the σ of film A exceeds the σ of film B
and rapidly increases to 2.78×1015 s−1. This experi-
mental result is completely consistent with the value
calculated by Xu and Ching.[21]

Fig.6. Optical conductivity σ of the h-BN films A and

B in the visible and ultraviolet regions deduced from the

absorption coefficient α, refractive index n using Eq.(7).
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4. Conclusion

In this paper, the optical property variations of
h-BN thin films with a high Eg comparable to that of
h-BN single crystal have been studied by UV–visible
transmittance and reflection measurements. The ab-
sorption edge of h-BN films shifts to high energy after
970 K annealing, which indicates an increase in Eg of
the films. The change in the optical absorption prob-
ably results from stress relaxation under high tem-
peratures. The optical absorption behaviour of h-BN
films shows some characteristics of amorphous mate-

rials. The dependence of the optical absorption coef-
ficient α on the photon energy hν was fitted by the
Urbach tail model. The Eg (5.86 eV) of as-deposited
h-BN film was obtained from the fits. After annealing
at 970 K for 1 h under the protection of pure N2 at
standard atmosphere, the Eg of sputtered h-BN films
with available structural stability increases to 5.97 eV.
In addition, the refractive index n and optical conduc-
tivity σ exhibit clearly different trends in the visible
and ultraviolet regions. The experimental results con-
firm the previous calculations by other researchers.
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