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ABSTRACT: Low-dimensional semiconductors have found numerous applications in
optoelectronics. However, a quantitative comparison of the absorption strength of low-
dimensional versus bulk semiconductors has remained elusive. Here, we report generality
in the band-edge light absorptance of semiconductors, independent of their dimensions. OO
First, we provide atomistic tight-binding calculations that show that the absorptance of g 0000
semiconductor quantum wells equals mza (m = 1 or 2 with a as the fine-structure ok 00
constant), in agreement with reported experimental results. Then, we show »
experimentally that a monolayer (superlattice) of quantum dots has similar absorptance,

suggesting an absorptance quantum of mza per (confined) exciton diameter. Extending this idea to bulk semiconductors, we
experimentally demonstrate that an absorptance quantum equal to mza per exciton Bohr diameter explains their widely varying
absorption coefficients. We thus provided compelling evidence that the absorptance quantum 7za per exciton diameter rules the
band-edge absorption of all direct semiconductors, regardless of their dimension.
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ow-dimensional semiconductors and quantum wells play a band-edge transition in QDs is typically characterized by an

key role in optoelectronic devices, such as infrared oscillator strength or integrated cross section, not unlike a two-
photodetectors, solar cells, lasers, and phosphors in displays level system (see Supporting Information S1). These quantities
and LEDs.'~” Optical transitions over the fundamental gap are valid as descriptors. However, these quantities obscure
involve the valence hole and conduction electron states. The possible similarities or differences with band-edge absorption
absorption and emission spectra depend on the semiconductor in bulk semiconductors, which is typically described by an
band structure and thus on the degree of electron (hole) absorption coefficient.
confinement. Regarding the energetics of optical transitions, Here, we use the notion of absorptance per active element,
the effects of quantum confinement have been extensively that is, the volume of the electron—hole exciton, to compare
studied, and this knowledge has resulted in a tremendous series the band-edge absorption strength of a wide variety of direct
of applications. The effects of confinement on the rate or semiconductors from three-dimensional (3D) bulk semi-
strength of optical transitions are less documented and conductors to 0D QDs. This means that for 0D QDs we
especially for band-edge absorption, a quantitative comparison measure the absorptance of a compact monolayer of QDs to
between semiconductor nanostructures and bulk semiconduc- obtain the absorptance per confined exciton volume; for bulk
tors is still very much needed. For one thing, such an analysis is semiconductors, we derive the absorptance per bulk exciton

hampered by the impact of dielectric screening on transition
rates. For instance, for zero-dimensional (0D) quantum dots
(QDs), the dielectric contrast between the semiconductor and
its surroundings leads to a substantial reduction of the incident
electromagnetic field within the QD, which lowers the effective
transition rates.””'' Considering quasi-spherical QDs, a
systematic correction for screening effects made clear that
QDs exhibit similar absorption coeflicients as the correspond-
ing bulk semlconductors at energies where quantum confine-
ment is negligible.'"’ But a quantitative comparison on the
strength of band-edge absorption and the effects of quantum
confinement on this is lacking, although semiconductor QDs
are often qualified as “strong” absorbers and emitters. The

volume from the absorption coefficient spectrum and the
exciton Bohr diameter, obtained from the effective electron
and hole mass. As a starting point, we reconsider the
absorptance of two-dimensional (2D) semiconductors (quan-
tum wells) in which the exciton experiences confinement in the
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Figure 1. Measured and calculated absorptance of InAs quantum wells, and a schematic representation of the screening of the electromagnetic field
in a quantum well and a QD monolayer. (a) Measured absorptance spectra of InAs quantum wells with variable thickness; 6 nm (blue), 9 nm
(green), 14 nm (orange), and 19 nm (red) (data from ref 12). The thick solid lines represent the absorptance spectra calculated with an atomistic
tight-binding model in which we have slightly adjusted the quantum well thickness to match the optical threshold with the measured one (details
and justification in SI). The right axis provides the absorptance corrected for substrate reflection (see text and below). For all experimental and
calculated spectra, the absorptance of the first allowed transition (and subsequent steps) is equal to za. The inset shows the experimental and
calculated absorption spectra for a 6 nm thick InAs quantum well in more detail. The calculated spectrum is shifted with 0.5% for clarity. The labels
are the transitions from the heavy-hole (HH), light-hole (LH), and spin—orbit split-off band (SO) to the lowest conduction band. (b—e)
Comparison of the reduction of the electromagnetic field by dynamic charge accumulation (dielectric screening) in a quantum well (no screening |
FI* = 1), a square superlattice IFI* = 0.59, and a honeycomb quantum dot superlattice, [FI* = 0.36. (f) A schematic overview of the photonic effects
that results in a screening of the electromagnetic field. Step 1 induces a factor 1/n,, on the absorptance, n,, the refractive index of the surrounding
medium. Step 2 includes the effect of reflection in case a substrate with refractive index n, is present, resulting in a factor 4nZ/(n, + n,,)> The third
step is the screening of the dielectric field inside the QDs, reducing the squared field strength with a factor IFI%.

direction perpendicular to the well. The absorptance of InAs however, this result has to be corrected for reflection from the
quantum wells of different thicknesses has been reported to substrate by a factor 4n2/(n, + n,,)% where n,, is the refractive
increase in steps of za, with @ = ¢*/4meyhic being the fine- index of the medium (air, n,, = 1) and n, is the refractive index
structure constant.'”” We show by means of atomistic tight- of the substrate (CaF,, n, = 1.43), see Figure 1. Each step in
binding calculations that this “quantum of absorption” the absorptance amounts then to za, that is, 7/137 = 2.3%.
characterizes the absorptance of a multitude of 2D semi- Importantly, in this quasi-2D configuration, the semiconductor
conductors, which invariably exhibits steps with increasing itself does not screen the electromagnetic field for light
photon energy of mma with m = 1 or 2, depending on the perpendicularly incident on the quantum well surface.

nature of the conduction- and valence-band valleys. By In ref 12, it was argued that this remarkably simple result
generalizing literature results,"' ™' this outcome urged us to follows from applying Fermi’s golden rule within a k-p
investigate the absorptance of 0D QDs; we therefore designed description of a set of nondegenerate energy bands for which
QD samples in which the absolute band-edge absorptance can many factors in the transition dipole matrix element and the
be measured in the same way as for the 2D quantum wells. joint density of states mutually cancel, see also Supporting
After correction for photonic effects, we report that the Information S2. However, we found that this result has a more
absorptance per QD is close to mza. Finally, we develop a general meaning and is not due to coincidental simplifications
heuristic model to frame these remarkable results. For bulk in the effective mass theory. We performed atomistic tight-
semiconductors, the model suggests an absorptance of mna binding calculations for an InAs quantum well (of varying
per Bohr exciton diameter. We confirm this by using reported thickness) in the single-particle regime (see Supporting
values of the band edge absorption coeflicients for many Information S2). As shown in Figure la, the tight-binding
different semiconductors spread over 2 orders of magnitude. calculated absorptance spectra (thick solid lines) show overall
We thus show empirically that the absorptance quantum 7z is steps of close to wa. However, a close watch shows some fine
a good ruler to estimate the band-edge absorption strength of structure in the first plateau, and due to the transitions of the
all direct semiconductors, independent of the degree of heavy-hole, light-hole, and spin—orbit split-off band to the
quantum confinement, if we consider the exciton volume as lowest conduction band, all three transitions contribute to an
the elementary optically active volume. overall absorptance of close to war. With the understanding of

these features in the atomistic tight-binding calculations, we
now also recognize these features in the experimental data

B TWO-DIMENSIONAL SEMICONDUCTORS

With InAs quantum wells as an example, it was experimentally from ref 12. The inset in Figure la shows the experimental and
shown that the absorptance increases stepwise with the photon calculated absorptance spectra of a 6 nm thick InAs quantum
energy with steps equal to 7a,"” see Figure la. The InAs well in more detail. Atomistic tight-binding calculations
quantum wells of different thickness were grown on a CaF, account for deviations of parabolicity of the bands for the
substrate, each showing pronounced steps equal to 1.6% in the existence of heavy- and light-hole bands with anisotropic
absorptance spectrum. To address intrinsic material properties, warping and for the mixing of these band states due to the
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Figure 2. Absorptance of quantum dot monolayer superlattices. (a) TEM image of a part of a PbSe square superlattice taken from the sample also
used in the absorptance measurements. Lower right insert: HAADF-STEM images of the superlattice showing the epitaxial connection of the QDs.
Top right insert: Electron diffraction pattern showing atomic alignment between the QDs. (b) TEM image of a part of a PbSe superlattice with
silicene-type honeycomb geometry. Lower right inset: HAADF-STEM image showing the epitaxial connection between the QDs and the hexagonal
array of voids in the superlattice. Top left inset: Electron diffraction pattern showing atomic alignment between the QDs, oriented with the [111]
axis upward. (c) Absorptance (%) as a function of photon energy for a square PbSe superlattice (blue, one monolayer in thickness) present on a
quartz substrate, the absorptance is 1.5% at 0.7 eV. The green spectrum shows the absorptance when a second PbSe square superlattice is stacked
on the first one. (d) Absorptance for one layer of the honeycomb superlattice (blue); the absorptance is 1.1% at a photon energy of 0.7 eV. The
addition of one more honeycomb monolayer (green) adds a similar contribution to the absorptance as the first monolayer. In both panels c and d,
the right y-axis shows the bare absorptance, thus corrected for photonic effects. In both cases, the bare absorptance at 0.7 eV is close to 2za. This is
very similar to the result calculated with an atomistic tight-binding model for PbSe quantum wells. The light gray dashed lines in panels ¢ and d
show the absorptance feature calculated from the known integrated absorption cross section (Supporting Information S1).

quantum confinement. In order to find out if this result is absorption coefficient for bulk semiconductors and an
independent of the semiconductor material, we have calculated oscillator strength or integrated absorption coeflicient for
the absorptance for specific II-VI and IV—VI compounds as QDs, see Supporting Information S1. To minimize the impact
well. As shown in Supporting Information S2, CdSe quantum of dielectric screening, we analyzed the absolute absorptance of
wells also feature absorptance steps of ma, while the a series of QD superlattices built from PbSe or CdSe
absorptance of PbSe quantum wells is characterized by steps QDs."””"7 Such samples combine a 0D confinement with a
of 2za. We assign the latter finding to a combination of a 4- 2D geometry,lg which makes that only minor corrections are

fold degenerate bandgap at the L points of the Brillouin zone
and the quasi-linear dispersion relation of the valence and
conduction bands around the L points. We thus find in general
that the absorptance of direct 2D semiconductors equals A,y
= maa with m = 1 or m = 2, depending on the nature of the

needed for the screening of the electromagnetic field (see also
Figure 1). More precisely, we calculated for the different QD
samples the local field factor F, which is the ratio between the
external and the local electric field using atomistic dielectric
modeling (see Supporting Information S8) and found that IFI*

band edges. ranges between 0.4 and 0.8. Hence, in terms of dielectric
screening, such superlattices indeed form a bridge to quantum
B MONOLAYER QD SUPERLATTICES wells (Figure 1c), which do not screen the electric field (IFI* =
In the very active field of colloidal QDs, the size-dependence 1) for perpendicular incidence and exhibit an absorptance mza
and inhomogeneous broadening of the band-edge absorptance per allowed transition.
as measured on QD suspensions has been extensively Figure 2a,b presents two monolayer superlattices of
investigated. However, the absorption of light resonant with epitaxially connected PbSe QDs, one with a square and the
the band-edge transition was rarely compared quantitatively to other with a silicene-type honeycomb geometry. The high-
the corresponding bulk semiconductor. This is partly due to angle annular dark-field scanning transmission electron
dielectric screening of the electromagnetic field by QDs, which microscopy (HAADF-STEM) images of the lattices (in lower
obscures the underlying optical transition rate, and partly to right insets) show the atomic connection of QDs via their
different quantification of band-edge absorption by an [100] facets. The electron diffraction patterns (upper right
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insets) reveal that the structures have a high degree of
crystallinity, as observed by the occurrence of four and six
sharp spots in electron diffraction patterns recorded on a
selected area (see Supporting Information S3) for the
honeycomb and square superlattices, respectively. The width
of the electron diffraction patterns reflects a slight disorder in
the alignment of the QDs, as discussed elsewhere.'”” The
absorptance spectra of both superlattices are presented in
Figure 2¢,d. These spectra were measured by placing the
samples under a small angle inside the integrating sphere of a
UV/vis/NIR spectrometer (see Supporting Information S3.1
for more details). The absorptance spectra shown here are
representative for a series of measurements recorded
independently by different research groups, see Supporting
Information S3. The results are summarized in Table 1. The

Table 1. Overview of the Experimental Parameters

‘ﬂexp "ﬂcon'

configuration compound (%) (%) |FP? surrounding

honeycomb PbSe 1.1 4.5 0.36 4/(1.44 + 1)*
superlattice

square PbSe 1.5 3.8 0.59  4/(1.44 + 1)*
superlattice

quantum well PbSe 4.6* 1

honeycomb CdSe 1.7 34 0.66  4/(1.46 + 1)*
superlattice

square CdSe 14 32 0.75  4/(1.46 + 1)*
superlattice

“Calculated with tight-binding approach.

first absorption feature at ~0.7 eV is indicative of the bandgap
transition. As an aside, we remark that two monolayer

superlattices stacked on top of each other show an absorptance
increased by a factor 2. The right axis of Figure 2¢,d present
the absorptance corrected for the photonic effects, where the
screening of the electromagnetic field is accounted for by the
factor IFI%, and reflectance by the factor 4n2/(n, + n,,)%. The
maximum absorptances reaches about 3.8 and 4.5% for,
respectively, square and honeycomb superlattices. Thus, this is
close to two times the absorptance quantum sa, which is in
agreement with the steps calculated for a PbSe quantum well.
The absorptance spectra for CdSe honeycomb and square
superlattices are presented in Supporting Information S3. In
those cases, a first absorptance peak occurs at 2.0 eV, typical
for superlattices consisting of CdSe QDs.'® The absorptance
lies between 7o and 27@; we expect m = 1 for the fundamental
absorption in CdSe. It is remarkable that, despite their very
different bandgap, degree of quantum confinement, and
electronic structure, the absorptance of PbSe and CdSe
superlattices at the band-edge transition is very well quantified
by 7a.

B HEURISTIC MODEL FOR THE ABSORPTANCE IN A
2D, 0D, AND 3D SEMICONDUCTOR

Above, we showed that the reported absorptance of semi-
conductor quantum wells, increasing with mza per allowed
optical transition, is corroborated by atomistic tight-binding
theory. The absorptance quantum also rules the band-edge
absorptance of a monolayer of QDs present in a superlattice.
We now present a heuristic model that shows that the
absorptance quantum per exciton volume is a ruler that unifies
the experimental results obtained for 0D quantum dots, 2D
quantum wells, and even 3D bulk semiconductors.
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Figure 3. Schematic representation of the heuristic model, and its evaluation for bulk semiconductors. (a) The band edge light absorptance of a
quantum well, equal to mza per allowed transition, can be interpreted by dividing the quantum well in square regions with area approximately 4%
having an absorptance mza across the exciton binding energy range Ey, see text and eqs 1—3. (b) Extension of this proven concept in the case of
bulk semiconductors; this would mean that cubes with edge equal to 2r have each an absorptance equal to mza per allowed transition, see text and
eq 4. (c—e) Experimental check of the above concept by presenting the experimental absorption coefficient spectra for the bulk semiconductors
GaAs,”® InSb,*" and PbSe,* respectively; the vertical gray line shows the bandgap taken from ref 23, the horizontal line shows the value of mza/2ry
with ry being the bulk exciton Bohr radius taken from ref 23. (f) Experimental check of the concept for a large variety of semiconductors, by
plotting mma/2ry versus the absorption coeflicient a(Eg) at the band edge. The black line shows a(Eg) = mna/2ry with m equal to 1 except for the

IV—VI semiconductors for which it is 2.
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We start with the effective mass two-band model for 2D
quantum wells,"* see Supporting Information S1. We consider
light absorption from free carrier states lv) of the highest
valence sub-band induced by the vertical confinement to free
carrier states Ic) of the lowest conduction sub-band. Excitation
involves a monochromatic beam with energy density I, linearly
polarized, and normal incidence on the 2D semiconductor, and
couples states resonant with the photon energy (hw = E, — E,
= E_,). The absorptance is the ratio of the energy absorbed by
optical transitions in the semiconductor versus the incident
energy, and can be written as

E W(hw)

Alhw) = = (ﬂa)4ﬂEwI(chIv)IZpZD(hw) = op,, (hw)

(1)
In eq 1, W(Aw) is the transition rate between the states |v) and
Ic), pp(Aw) is the joint density of states of optical transitions,
and o; is the integrated absorption cross section of a single
transition (see Supporting Information S1). Within k-p theory,
the dipole matrix element I{clxlv)I* is given by #*/4uE.,, while
pap amounts to u/7h* with y being the reduced effective mass
of an electron—hole pair. Substitution of these elements in eq 1
results in the absorptance being equal to ma within a single
quantum-well sub-band, in agreement with the experimental
steps observed for InAs quantum wells.

The density of states p,(#®) measures a number of states
per unit area and per unit of energy. Interestingly, one can
rewrite p,p(Aiw) using the Bohr radius ry, in fact 4/2ry, as a
unit of length and the exciton binding energy Ex as a unit of
energy
) 1

hw) = =
pyp(h) e

2rgEy

)

Equation 2 suggests that a given 2D semiconductor attains
steps 7@ in the absorptance by having n = 1/2zrk absorbing
transitions per unit area in an energy range Ey. In this regard, a
quantum well can thus be represented by a set of active
elements, each measuring 27r% in area (edges 271, ~ 2r,,
that is, the exciton Bohr diameter) and exhibiting an
absorptance za (or 27a) across the energy range Ey, see
Figure 3a. While different 2D semiconductors will be
represented by squares of different sizes, the interplay between
the integrated cross section and the 2D density of states always
yields the same absorptance steps 7o (or 2za). Hence, #a can
be used as a ruler to quantify o;

2

= ta—
H

104

" pp(ho)

6
©)

Extending this approach to 3D (bulk) semiconductors, we
conjecture that for such materials the bulk Bohr diameter of
the electron—hole exciton similarly sets the physical volume
contributing to a single optical transition. In the heuristic
model, this physical volume can be approximated by a cube
with edges equal to the Bohr diameter 2ry, see Figure 3b. If
correct, the absorption coeflicient g, that is, the absorptance
per unit length, would be given by

mnrao

2ry

a =
2ry

(4)

The above relation can be tested by analyzing experimental
absorption coeflicient spectra for bulk semiconductors from
the literature. In Figure 3c—e, we plot such spectra for GaAs,
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InSb,*" and PbSe.”” Similar plots for other semiconductors are
collected in Supporting Information S4, (E, and rx are from
ref 23). It is clear that the crossing of the gray lines (E, 7a/
2ry) indicates a point very close to the saturated absorption
coefficient at the band edge. For bulk PbSe, we took the value
of 27 to account for the degeneracy of the band edges (see
above). Furthermore, Figure 3f represents ma/2ry versus the
absorption coefficient at the band edge for a large variety of
semiconductors with very different bandgaps, effective electron
and hole mass, and crystal structures. Very remarkably, for a
large variety of direct bulk semiconductors with the absorption
coeflicient spanning over 2 orders of magnitude, 7a/2ry is in a
reasonable agreement with the absorption coeflicient at the
band-edge. A more rigorous theoretical approach is outlined in
Supporting Information S5, where we introduce the
absorptance quantum according to eq 3 as a ruler to quantify
absorption spectra of semiconductors. Interestingly, since the
transition matrix element to form exciton states can be written
in terms of the matrix element {clxlv) to form free electron/
hole pair states, this ruler approach can be extended to include
electron—hole interaction by the formation of unbound
excitons. In that case, we obtain a band-edge absorption
coefficient of (mar/2ry)y* with the correction factor y* close to
unity, see Supporting Information S5. Clearly, such excitonic
effects can contribute to the deviations of the band-edge
absorption coefficient of specific semiconductors from the
mma/2ry reference line that is apparent in Figure 3f, in
particular for semiconductors such as CdS with large effective
masses and small dielectric constants. Otherwise, deviations
could be caused by errors on the experimental data or
uncertainties on the Bohr diameter.

Extending this approach to 0D QDs, it appears that the
volume of a single optical transition is equivalently set by the
QD diameter d in the absence of any photonic effects. A QD
(superlattice) monolayer would thus have an absorption
coeflicient mza/d or an absorptance mma for the band-edge
transition; this is a conclusion in line with the experimental
results shown in Figure 2¢,d. In this case, however, the analysis
is more complicated because the band-edge transition is
heterogeneously broadened to yield an effective density of
states p,(Aw). Considering a Gaussian broadening and writing
the QD surface density as n, p,(fiw) reads

L m=em)yot L1

hw) = n— 1 1
P = 2 Jamn

GRS

()

Using again the absorptance quantum as a ruler to quantify
the integrated cross section (eq 3), the absorptance of a QD
monolayer is then obtained as

Eq

o E-(E—E)
(271')3/21’]

2 2 2
27 o e ¢~ E—(E=E)) /2y

(6)

Here, we have introduced the quantization energy Eq in a QD
according to the effective mass model. Interestingly, eq 6
predicts that the band-edge absorptance will peak at mza when
the full-width-at-half-maximum of the exciton line is about
one-sixth of the quantization energy; a result that agrees quite
well with the experimental data shown in Figure 2¢,d, and in
fact also for most QD suspensions in which the size dispersion
is kept to a minimum. Importantly, a more rigorous approach
in which we use the known integrated cross section of the
PbSe QDs enables us to predict very precisely the absorptance
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spectrum of the epitaxially connected QD films (see Figure
2¢,d and Supporting Information S3). We thus conclude that
the band-edge absorptance of 0D QDs will indeed peak at
around mzo for a heterogeneous line broadening typically
found with colloidal QDs.

The above observations have important consequences.
While any 2D semiconductor exhibits the same absorptance
na, the absorption coeflicient of 3D semiconductors is
inversely proportional to the Bohr diameter of the exciton
(see eq 4 and Figure 3f); the bulk exciton volume thus
determines the widely varying absorption coefhicient observed
for bulk semiconductors, being the smallest for semiconductors
with bands with low effective hole- and electron mass. The
absorptance per crystal unit cell will thus increase the strongest
for this type of semiconductors when considering the evolution
from the 3D case to the OD case. In practice, the enhanced
absorption coeflicient of small effective-mass QDs is often
cloaked by pronounced dielectric screening. Incorporation of
such QDs in a medium with high dielectric constant can
therefore strongly enhance the absorptance of light at the band
edge, a highly desirable property for their application as LED
phosphor or infrared light absorber. The knowledge that a
single QD in an appropriate dielectric medium and a
semiconductor quantum well both have an absorptance in
the range of 7« is important for the engineering of luminescent
light concentrators and photovoltaic devices. To highlight that
even one QD monolayer shows sufficient absorption under
normal incidence for optoelectronic applications, we present in
Supporting Information S6 an infrared photodetector based on
a honeycomb monolayer of PbSe QDs; this system has a
sufficiently strong light absorptance and at the same time is
conducting enough to act as a sensitive photodetector.

For monolayer transition metal dichalcogenide semiconduc-
tors, absorptances considerably above za have been
reported.”* This is due the strongly enhanced exciton binding
energy. We remark here that for low-dimensional systems, the
exciton-binding energy and thus also the enhancement of the
absorptance above 7a, may strongly depend on the dielectric
function of the environment.””° In this respect, the
absorptance of ma can be considered as the single particle
basis to estimate the enhancement of light absorption if
interactions play a role.

The experimental results and model calculations presented
here definitely show that photons resonant with the band-edge
transition have a probability close to za to be absorbed for
each Bohr exciton diameter path length in a semiconductor,
independent of whether the exciton is confined in three
dimensions, one dimension, or represents a bulk exciton. The
heuristic framework that we present provides a basis to
understand this compelling generalization. However, a more
comprehensive understanding must exist for the observed
generality in the absorption strength per exciton Bohr
diameter. Also, the finding that for semimetals, such as
graphene,”” and plasmonic systems,'* the absorptance is equal
to ma in a very broad energy region further highlights this
point.
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