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1. Introduction

Ultrahigh bandgap semiconductors are central to a wide range of
innovative applications such as disinfection systems, water puri-
fication, biochemical sensing, photo catalysis, solar-blind detec-
tion, and non-line-of-sight communication.[1–6] The development
of deep-UV (UVC) light-emitting diodes (LEDs) is attracting an
enormous research effort, as they are emerging as a promising

replacement of UVC gas discharge lamps
that will enable a mercury-free, cheap
and accessible sterilization technology
capable to face present-day needs for porta-
ble disinfection systems and germicidal
water treatment.[1,7] While the UVC spans
the spectral region between 100 and
280 nm (ISO 21348),[8] the far-UVC region
below 200 nm is of particular interest in
this respect. Far-UVC light irradiation
has been proven to inactivate airborne
human coronavirus whereas, due to its
small penetration range in biological
tissues, does not reach living cells in the
skin or eyes, thus avoiding hazards
associated with conventional UV light.[9,10]

The far-UVC region is accessible by a range
of excimer lamps, most notably the 172 nm
Xe�2 lamp.[11] This highly energetic radia-
tion finds other numerous applications in
a wide range of fields, such as waste treat-

ment and water photolysis,[12–14] photopolymerization curing of
nanocomposite coatings,[15] and high-resolution lithography.[16]

The tremendous success of InGaN-based LEDs[17] has stimu-
lated the research on the AlGaN nitride alloy system to extend the
wavelength range to the deep-UV.[18] However, widespread use
of AlGaN LEDs is severely limited by their low light extraction
efficiency.[19] Moreover, the relatively thick AlGaN layers with
high Al concentration required for laser diode operation result
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The linear optical response of the ultrawide bandgap h-BN is investigated by
spectroscopic ellipsometry. The ordinary dielectric function of h-BN is deter-
mined up to 25 eV on a high-quality single-crystal platelet. The direct bandgap
and the high-energy transitions are characterized with the aid of ab initio self-
consistent GW calculations and the optical properties are calculated using the
Bethe–Salpeter equation. The dispersion of the ordinary refractive index in the
visible and UV part of the spectrum below the bandgap is in excellent agreement
with previous transmission experiments. A sharp excitonic peak at 6.1 eV
associated with the direct bandgap dominates the absorption spectrum, and a
second peak is observed at 6.8 eV. At higher energies, a strong absorption peak
emerges at 15 eV associated with higher σ! σ* transitions. As a consequence of
the unique electronic band structure of h-BN, a transparency window is observed
in the far-UV region between 7 and 13 eV, where the light penetration depth
reaches a value of 38 nm, as opposed to the value of 0.8 nm at the absorption
peak of the fundamental bandgap.
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in high dislocation densities and a significant degradation of the
internal quantum efficiency. To circumvent these drawbacks,
advancements in the design of deep-UV LEDs using AlN sub-
strates with very low dislocation densities are currently being
actively investigated.[20,21] On the other hand, direct wide
bandgap oxides have also aroused a notable interest for the reali-
zation of future UV applications.[22] In particular, considerable
efforts are being devoted to develop Ga2O3-based devices.[23]

Nevertheless, because of the relatively low bandgap of the most
stable β �Ga2O3 phase (reported in the 4.6–4.9 eV range),[22] this
material is not a real contender for applications in the UVC
region. A higher bandgap of �5.6 eV has been reported for
the metastable α�Ga2O3 phase.[24,25]

After the seminal paper by Watanabe et al.,[26] which demon-
strated UV lasing at 215 nm in h-BN single crystal grown under
high-pressure and high-temperature conditions, a new competi-
tor to AlN has emerged in the area of semiconductor materials
for UVC applications. The first h-BN-based electroluminescent
device in the deep-UV range was soon later realized.[27] The
remarkable properties of h-BN have stimulated a great deal of
research and have established h-BN as a promising material
for a wide range of applications, including infrared nanophoton-
ics, quantum photonics, nonlinear optics, and deep-UV optoelec-
tronics,[28] in addition to applications in nanocomposite ceramics
for multifunctional biomaterials.[29] Strong Coulomb interac-
tions in h-BN lend excitonic effects a major role in determining
the electronic structure and the optical response of h-BN.[30–32]

The physical mechanisms leading to the bright UV emission
of h-BN have been object of debate. While Watanabe et al.
attributed the h-BN luminescence to direct excitonic recombina-
tions,[26] all-electron quasiparticle calculations indicated an
indirect gap.[30] More recent experiments have identified the
emission lines of h-BN as phonon-assisted recombination from
an indirect excitonic transition.[33] The phonon-assisted lumines-
cence of bulk h-BN exhibits a surprisingly high quantum yield
that is comparable with that of direct bandgap semiconductors.
The role of phonons at the T point of the Brillouin zone and of
the shear mode overtones at zone center in the optical emission
of h-BN was thoroughly investigated.[34] Recently, a substantial
amount of theoretical work has been devoted to the calculation
of phonon-assisted luminescence and optical absorption spectra
in h-BN to elucidate the long-debated Stokes shift.[31,35,36] The
relevance of phonons in h-BN emission and in phonon-polariton
hybrid excitations[37,38] has inspired a fair amount of detailed
optical studies of the h-BN phonons by means of Raman
scattering[39–43] and infrared transmission/reflectivity
measurements.[44–46]

While ab initio calculations of the optical properties and
quasiparticle electronic band structure of h-BN in the GW
approximation have been available for some time,[30,32,47] experi-
mental studies probing the optical excitations of h-BN are very
scarce. Spectroscopic ellipsometry is an extremely sensitive tool
to study the linear optical response of materials that can provide
an accurate determination of the interband transitions in layered
compounds. Kravets et al.[48] reported near-UV absorption in
graphene layers using spectroscopic ellipsometry. Spectroscopic
ellipsometry measurements were also used to reveal the predom-
inant sp2 or sp3 character of BN films prepared by magnetron
sputtering.[49] Recently, the ellipsometric technique has been

applied to characterize the crystalline quality of h-BN samples
with the presence of turbostratic layers,[50] but a comprehensive
ellipsometric study on h-BN giving insight into the optical prop-
erties is still lacking. Ellipsometry measurements allow the
dielectric function of h-BN to be determined without the need
of performing the Kramers–Kronig analysis that is necessary
in the case of reflectance and absorption measurements.

In this work, we present a spectroscopic ellipsometric study of
high-quality single-crystal h-BN for energies up to 25 eV using
synchrotron radiation. To the best of our knowledge, these are
the first ellipsometric measurements performed on a van der
Waals crystal using synchrotron light. The ordinary dielectric
function is determined and the most salient features are identi-
fied with the aid of ab initio calculations. The excitonic transi-
tions of the quasiparticle band structure calculated in the GW
approximation are in good agreement with the peaks in the
imaginary part of the dielectric function. Remarkably, unlike
high-bandgap materials which are opaque in the far-UVC, h-BN
exhibits a wide transparency window beyond the fundamental
direct bandgap energy. While well-established far-UV optical
materials such as CaF2 or BaF2 offer a superior transmission
at the ArF excimer laser emission (193 nm),[51] the region where
the laminar h-BN material exhibits above-bandgap transmission
extends to 95 nm. This fact, together with the fact that h-BN
exhibits an exceptionally good thermal conductivity and can be
integrated in 2D devices, could be exploited in future far-UVC
technological applications.

2. Results and Discussion

The complex ordinary dielectric function of h-BN is shown in
Figure 1 for energies from 0.5 up to 25 eV. The red curves cor-
respond to the point-by-point fits to the ellipsometric data, and
they reveal a dominant transition at 6.12 eV followed by weaker
but clearly visible one at 6.82 eV. A strong broader peak can be
seen at 14.96 eV and a weaker band centered at about 19.2 eV can
also be observed. The first transition corresponds to an excitonic
absorption of the direct bandgap and marks the onset of strong
absorption. Although bulk h-BN is an indirect insulator, indirect
transitions are not observed in optical spectra because their
intensity is expected to be much lower compared with the main
exciton peak.[31,35] Moreover, due to the band structure of h-BN,
the indirect excitonic transitions yield absorption peaks very close
to the direct transition, making it impossible to distinguish indi-
rect contributions to absorption.[36]

In the energy range below 6 eV, the dispersion of the refractive
index was previously determined from optical transmittance
experiments.[44] Thosemeasurements revealed a giant anisotropy
in the refractive index and a steep increase in the ordinary refrac-
tive index n⊥ as the bandgap energy is approached,[44] which was
ascribed to strong excitonic effects close to the bandgap. As
shown in Figure 2, the ellipsometric determination of n⊥ shows
a remarkably good agreement with transmission optical interfer-
ence data. The ellipsometry data show a steep increase in n⊥ from
around 2.3 in the near-IR–visible region up to 3.7 close to the
fundamental bandgap. In this transparency region, the ordinary
refractive index is accurately described by the rational polynomial
n⊥ðEÞ ¼ ða0 þ a1EÞ=ðE � a2Þ, where a0 ¼ �14.39 eV, a1 ¼ 2.05,
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and a2 ¼ 6.42 eV (dashed line in Figure 2). The present ellipsom-
etry measurements thus confirm the strong excitonic contribu-
tion to the dielectric function for polarization perpendicular to
the c-axis.

Figure 3 shows the electronic band structure of h-BN calcu-
lated within the GW approximation. A direct bandgap of
6.95 eV is found, in contrast with lower values of 4.6 eV obtained
by density functional theory (DFT) in the local density approxi-
mation (LDA) or 6.19 eV in the G0W0 quasiparticle

approximation. This trend is in good agreement with recent
DFT and quasiparticle calculations reported on monolayer and
bulk h-BN.[52] The first excitonic peak at �6 eV (see Figure 1)
is due to the π ! π� transitions that are strongly renormalized
by excitonic effects. In Figure 3, the electron–hole pair density of
states that make up the excitonic transition at �6 eV is projected
along the h-BN band structure and displayed as red shaded areas.
The exciton is primarily formed by electron–hole transitions
close to the KðHÞ point. The calculated excitonic absorption peak
at �6 eV agrees remarkably well with the experiment (see lower
panel in Figure 1). Such good agreement may be a consequence
of a partial cancellation between effects of the vibrational renorm-
alization of the bandgap and the underestimation of the quasi-
particle bandgap by the GW calculations, both of which have
been estimated to be around 200–400meV.[52,53]

Excitons in monolayer and few-layer h-BN have been analyzed
in terms of Davydov multiplets,[54] revealing a structure in the
imaginary part of the dielectric function that depends on the
number of layers. A substantial increase in the direct bandgap
and of the exciton binding energy was also reported in the mono-
layer owing to the reduction in screening.[54] In bulk h-BN, the
lowest excitonic structures are composed of two pairs of degen-
erate peaks, which are split by interlayer interaction (Davydov
splitting), the lowest pair being dark in linear response and
bright in two-phonon absorption.[33,55] The other pair is formed
by a combination of a bright and a dark exciton, and it is visible in
linear response but is dark in two-phonon absorption.[55]

The calculations yield a weaker absorption peak around 6.6 eV
which originates from electron–hole transitions along the K–M
line. The projected electron–hole density of states contributing to
this peak is shown in Figure 3 as shaded purple areas. The higher
excitons that make up this peak are calculated to be at 6.54, 6.66,
and 6.69 eV and their wave functions are shown in Figure 3.
Some of the excitations correspond to higher excitations in

Figure 2. Below-bangap ordinary refractive index of h-BN derived from
ellipsometric measurements compared with previous optical transmit-
tance determination. The dashed line is a rational polynomial fit to the
ellipsometric data.

Figure 3. Electronic band structure of bulk h-BN calculated within the GW
approximation. The shaded regions represent the electron–hole density of
states that contribute to the excitonic excitations projected along the h-BN
band structure. The exciton wave functions for the hole on a boron atom at
the center are sketched: in the K–Γ sector, for the lowest excitonic transi-
tion at 6.03 eV; in the M–K sector, from top to bottom, for the excitonic
transitions at 6.69, 6.66, and 6.54 eV.

Figure 1. Real (upper panel) and imaginary (lower panel) ordinary dielec-
tric functions of h-BN. The dotted lines represent model fits to the data.
The point-by-point fits to the experimental ellipsometric data (red lines)
are compared with the results of ab initio calculations (light blue curves).
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the monolayer[56,57] and other are specific to the bulk. The calcu-
lated peak at 6.6 eV agrees well with a weaker feature observed
slightly above the direct bandgap at 6.82 eV in the imaginary part
of the dielectric function derived from the ellipsometry
measurements.

The strong peak at 15.23 eV that appears in the calculated
absorption spectrum (see Figure 1) arises primarily from
σ ! σ� transitions around the Γ point. The projected electron–
hole density of states contributing to these transitions is shown
in Figure 3 as shaded blue areas. The flat dispersion of the elec-
tronic bands along the Γ–A line gives rise to a high density of
states and contributes to the strong optical absorption of this
excitonic transition. Early UV reflectivity measurements sug-
gested a σ ! σ� transition at a similar energy, although its origin
was assigned to interband transitions near the M point[58]

because of the lack of quasiparticle corrections in their band
structure. Our ab initio calculations clearly indicate that the great-
est contribution arises from wavevectors around the Γ point.
At high energies, a strong absorption band at 15 eV is revealed
by the ellipsometry measurements. While this band is substan-
tially broadened in relation to the results of the theoretical calcu-
lations, its energy location agrees well with the ab initio
calculations and can be assigned to the σ ! σ� transitions dis-
cussed earlier. Other weak structures can be observed in the cal-
culated imaginary part of the dielectric function at higher
energies, around 19.0 and 20.5 eV. As shown in Figure 3, these
features originate again from σ ! σ� transitions, but in this case
they involve bands located roughly at the mid K–Γ line (green
shaded areas) and A–L line (not shown). In these regions, the
joint density of states is very low, which explains the weak inten-
sity of these peaks. A corresponding weak, broad band can be
clearly observed at 19.2 eV in the imaginary part of the dielectric

function derived from the ellipsometry measurements. In gen-
eral, spectroscopic features of the dielectric function at higher
energies exhibit a significant broadening with respect to the the-
oretical predictions.

In the energy range between �7 and �13 eV, the sample is
found to be transparent in the optical experiments. Therefore,
and because our setup at the synchrotron is not equipped with
an autoretarder, the resulting dielectric function is very noisy in
this spectral range. The dielectric response of h-BN in the deep-
UV region thus exhibits two transparency spectral regions. This
is shown in Figure 4, where one can see that after the strong
sharp absorption peak associated with the π ! π� electronic
transitions, a wide transparency region exists until the higher
σ ! σ� transitions give rise to a sizable optical absorption.
This behavior follows from the h-BN band structure, in which
the higher (lower) conduction (valence) bands located between
those involved in the π ! π� and σ ! σ� transitions responsible
for the dominant absorption peaks display dissimilar and often
opposite gradients, thus leading to very low joint density of states
for the optical transitions. Therefore, from ellipsometry measure-
ments up to 25 eV, we have identified two wide transparency
regions in h-BN: one region in the IR-UV spectral range and
another region located in the deep-UV between 7 and 13 eV.
The UV-light penetration depth varies strongly across the mea-
sured spectral range. At 5 eV, in the transparency region below
the main excitonic absorption peak, the penetration depth is
73 nm, whereas it is only 0.8 nm at the absorption peak at
6.12 eV. In the transparency window beyond the main excitonic
peak, it reaches a maximum of 38 nm at 8.5 eV and then
decreases again to 0.8 nm at the second absorption peak at
15 eV. From there on, the penetration depth in the far-UVC is
consistently low (less than 2 nm up to 20 eV).

Figure 4. Transparency window in h-BN between the fundamental bandgap absorption driven by π ! π�transitions and the higher bandgap absorption
driven by σ ! σ� transitions. The symbols indicate the emission energies of the most commonly used deep-UV excimer lamps (from ref. [11]). In the
sketch of the orbitals, green balls represent boron atoms and purple balls represent nitrogen atoms.
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3. Conclusions

We have conducted a detailed ellipsometric study of h-BN over an
extended energy range up to 25 eV using synchrotron radiation.
This is the first ellipsometric study performed with synchrotron
radiation in 2D/layered compounds. The ordinary dielectric
function ε⊥ has been determined by point-by-point fitting of
the ellipsometry data. A dominant contribution at 6.12 eV corre-
sponding to the direct bandgap π ! π� transitions at KðHÞ yields
a sharp absorption peak. A second peak at 6.82 eV has been
observed and assigned to π ! π� transitions along theM–K line.
The dispersion of the ordinary refractive index for below bandgap
energies is in excellent agreement with previous determinations
based on transmission experiments. The steep increase in the
refractive index as the bangap is approached is an indication
of the huge excitonic effects in h-BN and is consistent with
the GWþ Bethe–Salpeter equation (BSE) calculations presented.

At higher energies, a second strong absorption peak is found
at 15 eV. According to our ab initio calculations, this peak is well
accounted for by σ ! σ� transitions around the Γ point, although
the ellipsometric data yield a broader and weaker peak than pre-
dicted by the calculations. Another weaker structure at about
19.2 eV has been observed in the ellipsometry measurements,
which, according to the calculated band structure, can be
assigned to electronic interband transitions along the Γ–L line.

The good agreement between the ellipsometry results and the
GWþ BSE calculations substantiates the accuracy of the self-
consistent GW framework for an adequate description of the
electronic structure of h-BN, and widens our knowledge of
higher energy electronic transitions in this highly topical ultra-
wide bandgap material.

h-BN has been shown to be a singular van der Waals crystal
that exhibits a further gap in the far-UVC beyond the fundamen-
tal bandgap energy. A wide transparency window between �7
and �13 eV has been found from the ellipsometry measure-
ments. This transparency window lies in a spectral range that
is relevant for far-UVC present-day technological applications
in disinfection, waste treatment, and ultrahigh resolution
lithography, and may be useful for future device development
operating in the far-UVC spectral range.

4. Experimental Section
High-quality h-BN single-crystal samples were grown by using the

metal-flux method, with 50 wt% Ni and 50 wt% Cr mixtures with a hot-
pressed h-BN ceramic crucible, which also served as the source material.
The furnace was evacuated and then filled with a continuous flow of N2
and forming gas to a pressure of 850 Torr, to minimize oxygen and carbon
impurities. After a dwell time of 24 h at 1550 �C, the h-BN crystals were
precipitated by cooling at a rate of 1 �C h�1 to 1550 �C, and then the
system was rapidly quenched to room temperature. The selected sample
for synchrotron ellipsometry had lateral dimensions on the order of
1–2mm and a very smooth surface.

The high quality of these h-BN crystals has been verified by several
techniques. The crystals are highly oriented with the [0001] axis perpendic-
ular to the sample surface, as determined by X-ray diffraction.[59] The root
mean square surface roughness over a 2 μm� 2 μm area was 0.4 nm, as
measured by atomic force microscopy (AFM). Over a wider area, terraces
may occur in h-BN samples,[60] which may lead to an increased apparent
roughness. The Raman Ehigh2g peak widths for these h-BN crystals are nar-
row, with room temperature values of 7.5 cm�1.[40,42] X-ray photoelectron

spectroscopy detected only boron and nitrogen.[60] The low-temperature
photoluminescence spectra have multiple narrow phonon replicas above
5.75 eV which are only present in high-quality hBN.[61] Transmission elec-
tron microscopy (TEM) measurements revealed the formation of etch pits
where dislocations intersect the surface, with an etch pit density of
5 10 cm�2, upon defect sensitive etching on h-BN crystals grown by this
technique.[62]

Spectroscopic ellipsometry was performed using two different instru-
ments. For the energy region up to 6.5 eV, a commercial variable-angle
ellipsometer (Woollam VASE) was used. This instrument is equipped with
an autoretarder, which allows one to accurately access transparent regions
of the sample. Ellipsometric parameters Ψ and Δ were acquired at three
angles of incidence (50°, 60°, and 70°) in steps of 10meV. The system has a
circular light spot of about 3–4 mm in diameter. For slanted angles
required in ellipsometry, the area under illumination enlarges and
straddles sample edges in the case of small samples like the one
investigated here.

At photon energies higher than 5 eV, a synchrotron-based home-built
spectroscopic ellipsometer was used at the Metrology Light Source (MLS)
of the Physikalisch Technische Bundesanstalt (PTB) synchrotron in Berlin,
Germany. In contrast with the laboratory setup, the synchrotron beam has
a circular shape with a spot size of less than 1mm in diameter, and there-
fore it is possible to keep it fully on the sample surface even at a slanted
incidence. However, several alignment steps at different photon energies
are required at the synchrotron when optical elements such as gratings or
filters are placed or removed from the optical path. These different
alignments can lead to slight differences in the sample spot under study.
However, the sample under investigation is the same for both instruments
and to the best of our abilities we performed alignments on the very same
spot. The measurements in the spectral range up to 25 eV were covered in
two different runs. Between 5 and 9.5 eV, steps of 10meV were selected,
while for a second experiment between 9.5 and 25 eV, the step size was
increased to 50meV. Both experiments were performed at the same angle
of incidence of 67° to minimize calibration errors between the two runs.
More details about the experimental setup can be found elsewhere.[63]

The sample was carefully mounted on a vacuum compatible glue pad
for both experimental setups. Because the optical axis of the sample is
oriented perpendicular to the surface, we are only able to investigate
the ordinary tensor component of the dielectric function of the highly
anisotropic h-BN crystal.[44] To obtain the dielectric function from the ellip-
sometric data, we first looked at the transparency region below 5 eV and
modeled the refractive index behavior by assuming the extraordinary
dielectric function from the study by Segura et al.[44] The resulting
ordinary dielectric function agrees well with the result reported in the
study by Segura et al.,[44] as shown in Figure 2, where both determinations
are compared. Higher photon energy regions were analyzed exclusively
in the isotropic approximation[64,65] without making any assumption
about the extraordinary tensor component. Only the thickness of
a top Bruggeman effective-medium layer to account for surface
roughness was adjusted.[66] The best results are obtained for an effec-
tive-medium layer thickness of 0.5 nm, in good agreement with AFM
characterization.

A point-by-point fitted dielectric function was obtained by numerical
inversion of the ellipsometric angles Ψ and Δ, taking into account the
surface roughness in the Bruggeman effective-medium approximation
and the angles of incidence. To facilitate the analysis, this point-by-point
fitting scheme was applied for the different energy ranges of the specific
instrument runs separately. Therefore, the final dielectric function still
suffers from noise particularly in the 9–13 eV range, but a continuous
connected line shape is obtained as results from other energy ranges
are provided as additional input for each energy region. Fits to the Ψ
and Δ ellipsometric data in the different regions and further discussion
of the fitting procedure are given in the Supporting Information. The whole
fitting process was iteratively repeated till convergence was achieved. The
obtained point-by-point fitted dielectric function was then used to create
an oscillator model from Kramers–Kronig consistent analytic
oscillator functions which are used to empirically model the result. The
comparison of this result with our point-by-point fit serves as a control
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for the Kramers–Kronig consistency of this approach, and at the same
time it corroborates our choice of 0.5 nm thickness for the surface
roughness layer.

Starting with the independent-particle band structure in the DFT and
LDA,[67] the quasiparticle band structure was calculated within a GW
scheme, with self-consistency on both the G and W eigenvalues.[68] The
lattice parameters in our calculations are a ¼ 2.496 Å and c ¼ 6.610 Å.
The computation of the dielectric function was performed using a
24� 24� 6 k-point grid, with 280 bands and a cutoff energy of 7 Ha.
The optical absorption spectrum was calculated using the BSE[69] using
7 valence and 10 conduction bands. The full GW correction was calculated
for these bands, while higher bands were rigidly shifted. For the analysis of
the high energy excitons (E ≳ 15 eV), a 12� 12� 4 k-point grid was used
to reduce computational demands to a feasible level.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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