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ABSTRACT

The anisotropic index of refraction of 200 μm thick boron-10 enriched hexagonal boron nitride (h-BN) freestanding epilayers grown by
metalorganic chemical vapor deposition has been measured using spectroscopic ellipsometry in the UV (4.0–5.1 eV) spectral range. It
was found that the index of refraction for the polarization mode with an electric field perpendicular to the c-axis (ordinary, no) is much
higher than that with an electric field parallel to the c-axis (extraordinary, ne). By inclusion of turbostratic- (t-) phase layers within h-BN
having an average inclination angle (θ) with respect to the ideal c-plane, a simple method for quantifying θ has been deduced. Our
results revealed that the presence of t-phase layers decreases the optical anisotropy of h-BN and that a signature of improved crystalline
quality is an increase in the ordinary index of refraction (no) as a result of the average incline angle θ approaching 0° and predicted that
no = 2.7 and ne = 1.5 at 280 nm for single crystalline h-BN epilayers. More importantly, our results demonstrated that spectroscopic
ellipsometry is an effective technique for characterizing the crystalline quality of h-BN epilayers with the advantages of being noninva-
sive and highly sensitive.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134908

I. INTRODUCTION

Hexagonal boron nitride (h-BN) has gained increasing attention
in recent years, due to its unique physical properties and potential
applications. Properties such as wide bandgap (>6 eV),1–8 high tem-
perature and chemical stability,9 large optical absorption near the
band edge,10–12 and large thermal neutron capture cross section of
isotope B-10,13,14 make h-BN a promising material for applications in
high efficiency deep ultraviolet (DUV) optoelectronics,1–8,15–19 solid-
state neutron detectors,20–24 and single photon emitters.25–27 Due to
the layered structure of h-BN and its similar lattice constant to gra-
phene (∼1.6% mismatch of in-plane lattice constants), h-BN is also
considered as an ideal substrate and dielectric separation or gate layer
for graphene and other van der Waals stacked heterostructures.28–31

Most notably, detectors fabricated from thick B-10 enriched h-BN
epilayers have demonstrated the highest detection efficiency for
thermal neutrons among solid-state detectors to date (at 58% for
1mm2 detectors and 50% for 30mm2 detectors).23

Despite the growing number of studies on h-BN, the material
is still in its early development stage. While bulk h-BN materials

synthesized by high temperature/pressure techniques1 or via precip-
itation from molten metal solvents (or metal flux technique) at
atmospheric pressure2 and hence mono- or few-layer h-BN exfoli-
ated from these small bulk crystals generally exhibit high crystalline
quality, only small crystals with sizes up to a few millimeters have
been produced so far and there are significant difficulties in
scalability. On the other hand, it was shown that the overall
detection efficiency of neutron detectors fabricated from thick
h-BN epilayers is still limited by the charge collection efficiency,
which is directly correlated with the overall material quality.23 The
ability for synthesizing wafer-scale h-BN epilayers with high crys-
talline quality and large thickness is necessary for technologically
significant applications such as neutron detectors. This, however,
requires effective material characterization techniques to provide
insights, which will enable viable approaches to synthesizing h-BN
epilayers with improved material quality.

Due to the strong bond between B-N and high melting
temperature of h-BN, it is difficult to crystallize BN epilayers
into the single crystalline hexagonal phase. As such, h-BN epilayers
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synthesized by thin film growth techniques such as chemical vapor
deposition (CVD) and metalorganic chemical vapor deposition
(MOCVD) typically contain turbostratic- (t-) phase layers.
Turbostratic is a term used to describe a crystal structure in which
the basal plane (in this case the c-plane) has slipped out of align-
ment. It is apparent that the presence of t-phase in an h-BN wafer
will reduce its overall crystalline quality and hence the performance
of its associated devices. To further advance the development and
applications of h-BN, it is important to gain a more complete
understanding of optical and structural properties of wafer-scale
thick h-BN epilayers, from which practical devices such as neutron
detectors can be constructed.

One of the methods to assess the crystalline quality of h-BN is
to quantify the amount of inclusions of t-phase regions within the
h-phase BN. It has been noticed that the microscopic c-planes of
the h-BN layers exhibit an average inclination angle (θ) from the
ideal c-plane.32–34 This average inclination angle (θ) in a 3 nm
thick h-BN has been previously probed by the near-edge x-ray

absorption fine structure (NEXAFS) technique.32 However,
NEXAFS is an elaborate technique and cannot be routinely utilized
to characterize h-BN materials. It is anticipated that the optical
constants or index of refraction are highly anisotropic for light
polarization along the c-axis (ordinary, no, E

Q?c-axis) or along the
c-plane (extraordinary, ne, E

Q k c-axis) in h-BN due to its layered
structure.33–38 Such an effect is depicted in the insets of Fig. 1. The
index of refraction of h-BN depends on its layered microstructure
or deviation of its crystal structure from the single crystalline hex-
agonal phase, such as the inclusion of t-phase layers as well as the
average orientations of the h-BN layers. Layers within h-BN that
are not completely parallel to the ideal c-plane will decrease the
anisotropy of the optical constants. Therefore, characterizing
the anisotropy of optical constants presents an effective method for
probing the crystalline quality of h-BN.

We report here the successful growth and characterization of
indices of refraction of a thick B-10 enriched h-BN epilayer
(∼200 μm in thickness) in both the ordinary (no) and extraordinary
(ne) polarization modes via spectroscopic ellipsometry (SE).
Expanding on the microstructure model of Schubert et al.,34 we
describe here a method for determining the average orientation of
h-BN layers relative to the ideal c-plane, which can be used to cali-
brate the h-BN crystalline quality, as well as to predict the change
in the index of refraction of h-BN due to the presence of various
inclinations of t-phase layers and the average orientations of layers.
We believe that the method of characterization developed here
provides a simple and effective new venue for monitoring the crys-
talline quality to support further development of the epitaxial
growth technology and device applications of h-BN epilayers.

II. EXPERIMENTS

B-10 enriched (99.9%) h-BN epilayers of about 200 μm in
thickness were grown by metalorganic chemical vapor deposition
(MOCVD) on c-plane sapphire substrates of 4 in. in diameter.
Trimethylboron (TMB) and ammonia (NH3) were used as precur-
sors for B and N, respectively, and nitrogen was used as a carrier
gas. The epigrowth temperature was about 1500 °C.39 Due to the
sizeable difference in thermal expansion coefficients between h-BN
and sapphire substrate, h-BN epilayer tends to mechanically self-
separate from the substrate during the cooling process, producing a
200 μm thick freestanding h-BN wafer and the detailed information
about growth and basic properties of h-BN can be found in our
previous publications.22,23,39

Spectroscopic ellipsometry is a noninvasive optical technique
for investigating the dielectric properties of materials.33,34 Initially,
generalized Mueller matrix ellipsometry was performed on the
sample at 0°, 45°, and 90° of rotation with respect to the measure-
ment stage to confirm that it is a c-plane sample and that there is a
negligible effective in-plane anisotropy. We focus here on analyzing
spectroscopic ellipsometry data to determine the indices of refrac-
tion and microstructure of h-BN. Measurements were performed
using spectroscopic ellipsometry (SE) (M-2000XI Ellipsometer by
J. A. Woollam Company) in the spectral range of 4.0–5.1 eV at five
angles of incidence (Φ = 45–75). These angles of incidence were
chosen to measure at angles below, near, and above the Brewster
angle of h-BN. The results were fit with a two-layer model

FIG. 1. Indices of refraction of a 200 μm thick B-10 enriched h-BN epilayer in
the UV range measured using spectroscopic ellipsometry for both polarization
modes with electric field perpendicular (no) and parallel (ne) to the c-axis as
functions of incident wavelength λ. The inset is a depiction of the ordinary (no)
and extraordinary (ne) polarization modes.
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(CompleteEASE by J. A. Woollam Company) that included a 17 nm
Cauchy layer on the top of the freestanding h-BN epilayer to
account for the presence of a thin amorphous BN buffer layer
deposited prior to the growth of h-BN epilayer as well as possible
oxidation in air. The bottom epilayer model consisted of a uniaxial
anisotropic Cauchy fit to extract both the ordinary and extraordinary
index of refraction from the raw spectroscopic ellipsometry data.

III. RESULTS AND DISCUSSIONS

The results for the ordinary (no, E
Q?c-axis) and extraordinary

(ne, E
Q k c-axis) index of refraction are shown in Fig. 1.

Note that h-BN displays a sizeable negative birefringence
(Δn = ne – no≈−0.8) due to its layered structure, which is signifi-
cantly higher than the birefringence found in, for instance, quartz
(SiO2, Δn = +0.011),40 an example of a birefringent crystal that is
widely used in laser devices and other optoelectronic devices. The
huge optical anisotropy in the UV range arises from the excitonic
effects in h-BN. Such a vast rise in no arises from the excitonic effects
in h-BN.3–7,41,42 The two-dimensional layered structure of h-BN
crystal produces a large charge density inhomogeneity along the
c-axis and thus causing the excitons to be tightly confined within the
layers. For the electric field polarization perpendicular to the c-axis
(no), parity selection rules allow excitons from interband transitions
of the same parity with respect to the mirror plane within each layer,
and consequently, they exhibit large oscillator strength.3–6,41,42

Therefore, they contribute to no but not to ne, and thus the birefrin-
gence of h-BN shows a significant increase in the UV spectral range.

It was shown that the electronic response of a material can be
described through the single-oscillator approximation when the
photon energy is much smaller than the lowest energy gap of
the material.35 Because the energy gap of h-BN is above 6 eV,1–8

the measured indices of refraction covering the incident wavelength
between 241 and 310 nm for both ordinary and extraordinary
polarization modes were then fitted using a single-oscillator model,
which shows that the dispersive index of refraction as a function of
incident wavelength, λ, can be described as follows:

n(λ) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Aλ2

λ2 � λ20

s
, (1)

where the parameters λ0 and A are related to the energy bandgap
and the electric-dipole oscillator strength associated with

transitions at incident wavelengths, λ, respectively.35,43 As shown in
Fig. 1, the equation fits very well to the data, and the fitted values
were λ0o ¼ 167:7 nm, λ0e ¼ 165:9 nm, Ao = 2.42, and Ae = 0.77,
respectively. Note that the bandgap related parameter λ0 is almost
identical for both the ordinary (no) and extraordinary (ne) polariza-
tion modes. Once the index of refraction dispersion is established,
we assume that the electronic contribution to the index of refrac-
tion for both ordinary and extraordinary polarization modes obeys
a simple Phillips-van Vechten model.44,45 This model assumes that
all valence-to-conduction band transitions that contribute to the
material’s electronic dielectric function can be described by a single
transition at an average frequency, which is known as the Penn
gap.46 Under this assumption, the index of refraction as a function
of incident wavenumber, σ, is given by

n(σ) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ σ2

P0

σ2
0 � σ2

s
, (2)

where σ0 and σP0 are, respectively, the Penn gap and average
plasma frequency of valence electrons involved in allowed transi-
tions. From Eqs. (1) and (2), we relate the electric-dipole oscillator
strength to the plasma frequency,

σ2
P0 ¼

Ac2

λ20
¼ 4πNq2

m*εrε0
, (3)

where c is the velocity of light in vacuum, N is the charge carrier
concentration, q is the elementary charge, m* is the electron effec-
tive mass, εr is the dielectric constant of h-BN, and ε0 is the
vacuum permittivity.

The strong bond between B-N makes high growth tempera-
tures a necessary condition for attaining h-BN films with high crys-
talline quality. As such, for most h-BN thin films grown today or
earlier, the crystal structure still deviates from the pure single crys-
talline hexagonal structure. It was shown that one of the effective
methods to assess the crystalline quality of h-BN is to quantify the
amount of inclusions of t-phase regions within the h-phase BN,32

by interpreting the microscopic c-planes of the h-BN layers exhibit-
ing an average inclination angle (θ) from the ideal c-plane,32–34 as
illustrated in Fig. 2. In the context of Fig. 2, single crystalline h-BN
epilayers should have a value of θ = 0. Figure 3 schematically

FIG. 2. Schematic diagram of the
microstructure of t-phase layer orienta-
tion relative to the ideal c-plane.
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illustrates possible structural configurations of h-BN and that h-BN
epilayers grown by CVD32 and MOCVD16–18,22–24,39,47,48 or even
h-BN bulk crystals grown by the metal flux technique49 unavoid-
ably contain t-phase components, especially when the growth
conditions are not optimized. The observation of an average incline
angle θ is a signature of the presence of t-phase component in
addition to an enlarged distance between two adjacent layers over
that in a pure single crystalline h-BN. In Fig. 3, t-phase could mean
individual layers have rotated around the ideal c-axis (changing the
crystallographic direction), as schematically showed in Fig. 3(b).
Moreover, t-phase could also mean that individual layers are tilted
with respect to the c-plane, or a combination of both, a case which
is depicted in Fig. 3(c). The combination of both tilt and rotation
averaged over all the layers maps the c-axes into a cone shape in
3D space.33,34 The t-phase layers will automatically increase the dis-
tribution of the distance between the adjacent layers. The enlarged
structural imperfection not only decreases the optical anisotropy
(as it disrupts the layered structure), but also enlarges the average
incline angle θ.

Thin h-BN layers with a thickness of ∼3 nm have been
recently probed by transmission electron microscopy (TEM) and it
was found that the diffraction patterns of h-BN samples consisted
of two rings, corresponding to two predominant crystallographic
domains coexisting in the sample with an angle of rotation with
respect to the ideal c-axis [Fig. 3(c)] between them of ∼11.1°.44 The
same materials were further examined using NEXAFS method, and
the results showed that each layer of h-BN could have an average
inclined angle with respect to the ideal c-plane, as illustrated in
Figs. 2 and 3(b), and this angle is random from layer to layer with
a measured average value of 15.83° for postannealed h-BN epi-
layers and 22.17° for as-grown h-BN.32 Another study showed that
a wide range of angles can be forced onto the material’s crystalline
structure by applying a bias voltage to the substrate during growth
and concluded that this average incline angle affects the optical
anisotropy as well as the values of index of refraction for both ordi-
nary and extraordinary polarization modes.33 These prior studies

suggested that monitoring the optical anisotropy can provide useful
insights into the average inclination angle (θ), which correlates
directly with the crystalline quality.

For spectroscopic ellipsometry measurements with fixed ori-
entations of light propagation and electric field, the effective mass
and dielectric constant will be affected by the orientation of the
c-axes as illustrated in Fig. 2, according to the equations,

m*
?¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

?cos2θ þ m2
ksin

2θ
q

, (4a)

ε*?¼0:25 [(3þ cos 2θ) ε? þ (1� cos 2θ) εk], (4b)

m*
k¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

?sin2θ þ m2
kcos

2θ
q

, (4c)

ε*k¼ (nk cos θ)
2 þ (n?sin θ)2: (4d)

Equations (4a) and (4c) were derived using Fig. 2, by project-
ing θ onto assumed parallel and perpendicular effective masses.
Equations (4b) and (4d) are from the work of Schubert et al.34

From Eqs. (3) and (4), by noting a constant charge carrier concen-
tration for no and ne of the same sample, and λ0o = λ0e, we obtain
the following equation, which can be used to find the average ori-
entation of the h-BN layers relative to the ideal c-plane, θ,

A?
Ak

¼
m?
mk

� �2

tan2θ þ 1

m?
mk

� �2

þ tan2θ

2
6664

3
7775
1=2

*
ε?sin2θ þ εkcos2θ

0:25 [(3þ cos 2θ) ε? þ (1� cos 2θ) εk]

� �
:

(5)

FIG. 3. Depiction of h-BN compared to
two different types of turbostratic
(t-phase) BN: (a) h-BN with periodicity
in all three dimensions; (b) t-phase
layers have rotated around the c-axis
(little to no periodicity in the z-
direction); (c) t-phase layers with an
average incline angle θ relative to the
ideal c-plane. Both (b) and (c) produce
an increase in the distribution of the
distance between neighboring layers.
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By using the measured Ao and Ae values from Fig. 1, we obtain an
average θ for the 200 μm thick sample used in this study. This
average tilt angle quantifies how much, on average, of the h-BN
layers are aligned parallel to the ideal c-plane. From just the
measured indices of refraction, Eqs. (1) and (5), we can determine
the average incline angle of t-phase layers within an h-BN sample.

Because there are scattered data among published values for
the effective masses and dielectric constants of h-BN,50–53 in Fig. 4,
we plot the ratio of Ao /Ae as a function of θ from Eqs. (4) and (5).
The differences in the effective masses and dielectric constants for
different polarization modes lead to the optical anisotropy of h-BN.
We have chosen the values m*

?¼0:26mo (M→ Γ), m*
k¼2:21mo

(M→ L),50 ε? ¼ 4:98, and εk¼3:0352 for the rest of the analysis.
Using these values, we obtain an average θ, varying from 6.47° to

11.93°, with an average incline angle of θ≈ 9° for the sample used
in this study, as shown in the inset (a) of Fig. 4. Note that any
combination of effective mass and dielectric constants does not
alter the derived value of θ significantly. This average inclined
angle of θ≈ 9° is significantly smaller than those of previously
published values of a 3 nm thick postannealed and as-grown h-BN
layers exhibiting average θ of 15.83° and 22.17°, respectively,32

signifying a better crystalline quality of the sample grown by used
in the present study. Based on the observation of reduced value of
θ for the sample studied here compared to CVD grown films,32 we
believe that our MOCVD grown thick h-BN epilayers have a better
crystalline quality than those grown by CVD methods.32

We can conclude that the sample consists of a variety of
crystallographic domains, meaning individual layers within the
sample may have t-phase inclusion within h-BN layers, and the
layers containing t-phase have a random average incline angle θ
relative to the ideal c-plane. The measured value of θ = 9° is an
average incline angle of all the layers within the sample relative to
the ideal c-plane. This understanding is also consistent with the
x-ray diffraction (XRD) θ-2θ scan result of a typical h-BN epilayer
deposited on sapphire, as shown in the inset (b) of Fig. 4. While the
h-phase layers produce a sharp (0002) peak around 26.7°, t-phase
layers produce a shoulder at a smaller angle of about 26°,12,47,48 con-
sistent with an expected increase in the distance between the adjacent
layers in the t-phase. The t-phase XRD peak is also broader than the
h-phase peak as a result of a random distribution of the distance
between two adjacent layers, around an average distance of 3.5 Å as
schematically illustrated in Figs. 3(b) and 3(c).

The use of the measured value of θ = 9° as well as Eqs. (4)
and (5) allows us to predict what the index of refraction for both
ordinary and extraordinary polarization modes would look like
in h-BN epilayers having a single crystalline hexagonal phase, or
equivalent for the case of θ = 0°. Assuming that the free carrier
concentration remains unchanged, we plot in Fig. 5 the calculated
ordinary and extraordinary refraction indices as functions of wave-
length for h-BN in a single crystalline h-phase (or θ = 0) together
with those of measured values for the sample used in the present
study. As the average incline angle θ decreases, the optical anisot-
ropy increases; thus, the ordinary and extraordinary indices of
refraction get further apart. It appears, however, that the extraordi-
nary index of refraction (ne) does not decrease significantly.
The negligible change in the extraordinary index of refraction
as θ approaches zero is due to the excitonic effects taking place
in h-BN.3–7,42 A signature of improved crystalline quality is an
increase in the ordinary index of refraction (no) as a result of the
average incline angle θ approaching 0°. Figure 5 makes it apparent
that the variation in prior published values for the optical constants
of h-BN, specifically in the indices of refraction,35–38 is a conse-
quence of different h-BN samples containing varying fractions of
t-phase layers with different average inclined angles, because
numerous types of materials such as small bulk crystals, thin films,
or powders, as well as materials synthesized by the same method
but prepared at different growth conditions were used. The fraction
of t-phase layers within h-BN samples can vary widely depending
on the growth method, growth conditions, and thickness of the
sample. For example, the fraction of t-phase layers within h-BN
epilayers can vary significantly among samples grown by MOCVD

FIG. 4. Variation of the birefringence (Ao /Ae) as a function of the average
c-axis orientations, θ, for different values of effective masses and dielectric con-
stants, using Eqs. (1) and (5). Inset (a) is a table containing different values of
effective masses and dielectric constants used in obtaining the plots. The thick
black line between 6° and 12° is the value of Ao /Ae = 3.14. The color of the
curve corresponds to the color of the resultant angle θ in the inset (a). Inset (b)
is an XRD θ–2θ scan of a representative h-BN epilayer grown by MOCVD.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 127, 053103 (2020); doi: 10.1063/1.5134908 127, 053103-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


under different growth conditions, which will result in different
values in the average inclined angle θ. Our results thus suggest that
the presence of t-phase layers should be considered when analyzing
the optical constant and XRD measurement data of h-BN.
Furthermore, our results revealed that measuring the average
inclined angle θ [using just Eqs. (1) and (5)] or optical constant
anisotropy via spectroscopic ellipsometry provides an effective
method for monitoring the crystalline quality of h-BN epilayers pro-
duced under different growth conditions and thereby offers valuable
insights for further improving the epitaxial growth processes.

IV. CONCLUSION

Ordinary (E
Q?c-axis) and extraordinary (E

Q k c-axis) aniso-
tropic indices of refraction of a thick h-BN epilayer produced
by MOCVD have been measured over a spectral range slightly
below the bandgap (4.0–5.1 eV). The results have demonstrated
that the index of refraction is anisotropic and uniaxially negative,
with the ordinary (no) indices of refraction being higher than the

extraordinary (ne) indices of refraction and predicted that no = 2.7
and ne = 1.5 at 280 nm for samples crystallized into a single crystal-
line hexagonal phase. The measured index of refraction of h-BN
can vary in a wide range due to the presence of t-phase layers
within h-BN, which possess microscopic c-axes exhibiting an
average inclination angle (θ) from the plane of the h-BN films.
This average inclination angle (θ) was determined via a single-
oscillator model and a Phillips-van Vechten model. This technique
also allowed us to predict what the indices of refraction are for
both ordinary and extraordinary at various orientations of average
c-axes. It will be useful in the future work to include establishing
a relationship between XRD, TEM, and ellipsometry results to
examine the distribution of t-phase layers (or the distribution of
angle θ) within the more ideal h-BN. The presence of inhomogene-
ity exacerbates the average incline angle θ, which decreases the
effect of optical anisotropy, including the indices of refraction,
dielectric function, and optical absorption. By just using Eqs. (1)
and (5) established in this work, we can reliably determine the
average incline angle of t-phase layers within an h-BN sample, and
potentially other 2D stacked materials. We believe that the anisot-
ropy in indices of refraction for ordinary and extraordinary polari-
zation modes and the technique of determining the average c-axes
orientations established in this work provide an effective venue to
guide the further development of growth processes and characteri-
zation of h-BN as well as of other 2D optoelectronic semiconduc-
tors in the quest of attaining high crystalline quality materials.
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