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Effects of the spin-orbit interaction on the optical properties of ReS2 and ReSe2
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ReS2 and ReSe2 are less frequently studied transition metal dichalcogenides. They appear in the 1T ′ phase
with a significantly reduced symmetry compared with, for example, MoS2, while inversion symmetry is pre-
served. Several broad peaks have been observed in previous experimental measurements. The interpretation
of their physical origin and properties is a challenging task without the help of theoretical insights. Here, we
employ ab initio GW -Bethe-Salpeter equation calculations to investigate the optical properties of neutral and
charged monolayers. We present a detailed analysis of the low-energy excitons and trions. In agreement with
experiment, we find that the neutral excitons are strongly bound. In contrast, only a tiny trion binding energy of
<10 meV is found. By artificially manipulating the spin-orbit coupling (SOC), we demonstrate its importance
for the internal structure of the transitions. Interestingly, we find two optically active low-energy excitons. Both
stem from transitions between the same valence and conduction bands. In the absence of SOC, only one peak
(singlet) can be bright. Therefore, additional peaks are a direct manifestation of SOC on the optical properties.
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I. INTRODUCTION

In recent years, transition metal dichalcogenides (TMDCs)
have been a focus of interest [1]. Especially monolayers MX2

(with M = Mo/W and X = S/Se/Te) has been investigated
due to its interesting and promising optical properties [2,3]
as well as many other exciting phenomena [4–6]. In these
MX2 materials, the physical origin of the optical response
is vertical transitions at the ±K points of the Brillouin zone
[7,8]. In the surroundings of these high-symmetry points, the
spin-orbit interaction splits the valence and conduction bands,
respectively, and leads to spin-layer locking [9,10] as well
as spin-forbidden transitions [11–13]. Typically, two bright
peaks are found (often labeled A and B), which stem from
transitions between bands which are split by the spin-orbit
coupling (SOC). Many further TMDCs have been found [14]
or predicted [15], among them ReS2 and ReSe2 which are
typically found in the distorted 1T (i.e., 1T ′) phase [16–21].
This means ReX2 becomes asymmetric, and one-dimensional
chains form [see Fig. 1(a)]. Nevertheless, these materials have
inversion symmetry, and thus, all electronic states are twofold
degenerated under the influence of SOC. At first glance, there-
fore, the effect of SOC appears to be less prominent than other
MX2 materials.

However, the quantum-mechanical details determine the
light-matter interaction also in ReX2. Because of the reduced
dimension in the chainlike structure, the optical response of
neutral and charged monolayer ReX2 is dominated by ener-
getic low-lying correlated many-body states, i.e., excitons and
trions. Experimental measurements for ReS2 by Wang et al.
[22,23] have shown broad peaks with line widths of several
tens of meV. By challenging fits, they concluded a large trion

*thorsten.deilmann@uni-muenster.de

binding energy in monolayer ReS2 with a size of ∼60 meV
[22]. This surprisingly large value is about double the size
of other Mo- or W-based TMDCs. In three-layer samples,
the trion binding energy is still reported to be ∼20 meV
[22,23]. On the other hand, in theoretical investigations, the
quantum-mechanical states corresponding to these charged
peaks are still missing, and thus, a physical explanation for
such large trion binding energies is lacking. In Mo- or W-
based TMDCs, several different phenomena, like dark states
[11–13], phonon-assisted transitions [24,25], etc. [26], have
emerged as additional peaks in the optical spectra. Similar
phenomena are possible for ReX2, and the identification of
the quantum-mechanical origin solely based on photolumines-
cence (PL) measurements is challenging. Therefore, a detailed
understanding of the low-energy optical spectrum of ReS2 and
ReSe2 is still missing.

In this paper, we carry out first-principles calculations
of the neutral and charged monolayers of ReX2. We start
by investigating the structural properties (Sec. II) and the
electronic structure, focusing on the effects of spin-orbit
interaction in Sec. III. By many-body perturbation theory, we
find a realistic approximation of the electronic band gap in
vacuum and above a substrate. To investigate the effect of
the spin-orbit interaction in detail, we introduce an approach
to vary its strength systematically. This methodology is
generally applicable in ab initio calculations and especially
important for the large class of two-dimensional (2D) mate-
rials including heavy elements [15]. In Sec. IV, we analyze
the contributions to the optical response of neutral excitons
and show how the spin-orbit interaction mixes the singlet
and triplet states. As a consequence, more than one transition
between the same bands becomes optically active which is
a direct optical manifestation of the SOC. In the absence
of SOC, only one bright peak (singlet) is possible, while
the three triplet states are dark. Finally, we investigate the
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FIG. 1. (a) On-top view of the structure of ReX2 (X = S/Se). The
blue atoms denote rhenium, the yellow atoms sulfur/selenium. The
lattice vectors of the unit cell are shown in red. Along the x direction
(typically called a), quasi-one-dimensional stripes form, which are
separated in the b direction. The blue stripes illustrate the quasi-one-
dimensional character. An inversion center I is marked with a green
cross. (b) GdW band structure of ReS2. The path is shown in the
Brillouin zone in the inset. The valence band maximum is set to zero
energy. For optics, the transition close to � is the most important,
which is denoted by the red arrow. (c) Same for ReSe2. (d) Direct
band gap in ReS2 for different strength of the spin-orbit coupling
(SOC) [see Eq. (2)]. (e) Zoom-in close to the valence band in ReS2

for 0, 50, and 100% SOC.

charged monolayers in Sec. V, which should allow for a direct
comparison with experiments [22,23]. In the limit of low
doping, we find small trion binding energies of <10 meV, i.e.,
less than half compared with other monolayer MX2 TMDCs.
We compare theoretical and experimental results and discuss
further possible interpretations of the measurements [22,23]
in Sec. VI.

II. SYSTEM AND METHODS

ReS2 and ReSe2 consist of 2D layers. A top view of its
structure is shown in Fig. 1(a). Like MX2 TMDCs, the central
layer consists of the transition metal, and a layer of S/Se is
found above and below. In contrast to the 2H-like structure,
the in-plane positions are shifted (1T prototype). The atoms
in ReX2 further relax to the so-called 1T ′ structure whose
coordinates are shown. Its description requires a 2×2 cell,
i.e., the unit cell consists of 12 atoms. The rhenium atoms
relax closer to each other (with respect to the 1T prototype).
In literature, this is commonly referred to as one-dimensional
stripes [highlighted in blue in Fig. 1(a)]. However, they are
connected by strong chemical bonds.

Our investigations of this system are based on ab initio
methods. As a starting point, we perform a structural re-
laxation using density functional theory (DFT) [27,28]. On
top of this, we evaluate the electronic structure including
spin-orbit interaction [29–31]. Introducing spinors, the Kohn-
Sham equations can be written in general [32] in the block
structure:[

H0 + V 11
xc + V 11

SOC V 12
xc + V 12

SOC

V 21
xc + V 21

SOC H0 + V 22
xc + V 22

SOC

](
ψ1

n,k

ψ2
n,k

)

= εn,k

(
ψ1

n,k

ψ2
n,k

)
, (1)

where H0 = −� + VCoul + Vext, and the spin-orbit interaction
is fully included in VSOC. In our calculations, we employ
j-dependent pseudopotentials ( j = l ± 1

2 ) [33,34]. We gen-
erate the pseudopotentials for atoms according to Hamann
[35] including nonlinear core corrections [36]. For numerical
efficiency, we employ the Kleinman-Bylander form [37,38];
Vext denotes the local part of the pseudopotential. With VSOC,
we refer to the j-dependent scalar-relativistic and spin-orbit
part [34]. If the SOC is (artificially) neglected, the remain-
ing part is labeled Vno-SOC. We note in passing that we do
not divide the scalar-relativistic and spin-orbit parts, which
is possible in principle. For ReX2, no spin polarization is
present, and inversion symmetry simplifies the Hamiltonian:
The off-diagonal parts are connected by complex conjuga-
tion, and the diagonal parts are equivalent. This results in
twofold degenerated states. We underline that this can lead
to arbitrary phases of the spinors, e.g., for the calculation of
the electron-hole matrix elements (see below), where relative
phases of infinitely small displaced k are important, we add
an arbitrary small difference of ±δ weighted by the over-
lap matrix (i.e., H0 ± δS, where δ is on the order of µeV
to meV).

To investigate the importance of the SOC, we linearly mix
the matrix elements:

VSOC → αVSOC + (1 − α)Vno-SOC. (2)

For α = 1, the SOC is fully included, while for α = 0, the
SOC is neglected. Mathematically, we can also simulate
α > 1, which would correspond to a hypothetical element
with stronger SOC. ince VSOC and Vno-SOC are built by
atomic pseudopotentials, the scaling of the SOC can be
done for each atom individually. We note in passing that
this approach corresponds to the well-known virtual crystal
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approximation [39] which is frequently used for defects, for
instance.

To gain a more reasonable approximation of the excited-
state properties, we use many-body perturbation theory. In
a first step, we use the GW approximation [40,41] to im-
prove the electronic properties from DFT in Eq. (1), ĤGW =
ĤDFT − Vxc + iGW . When evaluating self-energy � = iGW ,
all states of the same shell must be explicitly included in the
calculation as valence states [42]. Therefore, we have used
pseudopotentials with semicore states in contrast with our
previous work [43]. After we have checked that the results are
in reasonable agreement, we employ the more efficient GdW
approximation [44,45]. By approximating Vxc ≈ iGWmetal, we
evaluate

ĤGdW = ĤLDA +
��︷ ︸︸ ︷

iG (W − Wmetal )︸ ︷︷ ︸
dW

,

and the quasiparticle energies result in

EQP
nk = ELDA

nk + 〈nk|��
(
EQP

nk

)|nk〉.
For the calculation of the optical properties, the perturba-

tion of one particle is not sufficient, and we have to evaluate
the two-particle or (if doped) three-particle Hamiltonian. The
Bethe-Salpeter equation [46,47] in the GW /GdW approxima-
tion leads to the Hamiltonian matrix elements:

〈vc|Ĥ (eh)|v′c′〉 = (
EQP

c − EQP
v

)
δcc′δvv′

− (Wv′c,vc′ − Vv′c,c′v ). (3)

In addition to the energetic differences between the valence
and conduction bands (on the diagonal), the screened direct
interaction W (typically attractive) and the bare exchange
interaction V (typically repulsive) enter. The strength of the
SOC is adjusted by Eq. (2) and determines the corresponding
spinors ψn,k. By using these spinors in all steps of many-body
perturbation theory, no further modifications for GW -BSE are
required. For instance, in the case of the BSE Hamiltonian,
the SOC implies that all elements are nonzero, and singlet and
triplet states do not decouple [48]. In our ab initio extension
for trions [49,50], we set up the three-particle Hamiltonian
with the matrix elements:

〈vc1c2|Ĥ (eeh)|v′c′
1c′

2〉
= (εc1 + εc2 − εv)δc1,c′

1
δc2,c′

2
δv,v′

+ (
Wc1c2,c′

1c′
2
− Wc1c2,c′

2c′
1

)
δv,v′

− (
Wv′c1,vc′

1
− Vv′c1,c′

1v
)
δc2,c′

2

− (
Wv′c2,vc′

2
− Vv′c2,c′

2v
)
δc1,c′

1

+ (
Wv′c1,vc′

2
− Vv′c1,c′

2v
)
δc2,c′

1

+ (
Wv′c2,vc′

1
− Vv′c2,c′

1v
)
δc1,c′

2
. (4)

While the first line consists of the energetic differences, the
second describes the (screened) interaction of both electrons,
and the remaining terms the interaction of the hole with one
of the electrons. Like the Bethe-Salpeter equation, we di-
agonalize Ĥ (eeh), and the eigenvalues and eigenvectors lead
to the trion energies and its wave functions [49]. Based on

this, we can evaluate excitons and trions on the same footing,
assuming the doping is sufficiently small.

III. ELECTRONIC PROPERTIES

Several aspects of the electronic properties of monolayer
ReS2 and ReSe2 have previously been investigated in the
literature in experimental and theoretical studies [16–22,51].
In this paper, we focus on the role of the SOC which will also
become important for the calculation of the optical properties.

The band structures of ReX2 are shown in Figs. 1(b) and
1(c). Both materials have a direct band gap at the � point. In
GdW , we find values of 2.45 and 2.30 eV for ReS2 and ReSe2,
respectively [43]. These values are in reasonable agreement
with previous results [18,51]. Especially the valence bands
of the two materials have clearly different dispersions, for
instance, along �−M1, �−M2, and �−M3. The results are
shown with SOC fully included. If the SOC is not included,
the overall structure of the bands remains similar (not shown).
However, the band gap increases by ∼160 meV [for ReS2 see
Fig. 1(d)]. A more detailed view shows that the valence band
is changing its dispersion, while the conduction band is rigidly
shifted. Figure 1(e) shows a zoom-in along �−M1 (where the
largest changes are observed) from 0 to 100% SOC. While
for 0% SOC, the topmost and second valence bands almost
touch, a clear repulsion between these bands is observed if
the SOC becomes stronger. Eventually, this results in a much
flatter topmost valence band close to its maximum at � and
the effective mass is reduced by ∼20%. A similar influence is
obtained for ReSe2 as well.

The differences of our many-body calculations with respect
to the DFT result are the quasiparticle corrections. For ReS2

and ReSe2, these quasiparticle corrections are large and have
similar sizes of 1.1 eV. In 2D materials, appreciable values are
common due to the reduced screening [15]; in ReX2, they are
at the upper limit. On the other hand, this makes the band gap
highly tunable by the surrounding of the monolayer (e.g., the
substrate). To estimate the size of this effect, we approximate
a substrate by its dielectric screening; for details, see our
previous studies [50,52]. This leads to a reduction of the band
gap by ∼0.3 eV, if the dielectric screening of the substrate
is like that of bulk ReX2. Contrariwise, the optical properties
discussed in the next Secs. IV and V are hardly changed by a
substrate [50]. For the converged result in Fig. 1, we employ
an 8×8 mesh to evaluate the integral for �. A denser mesh of
16×16 points is required to calculate the dielectric function.
For GdW , the three-center integrals employ an auxiliary basis
of 627 plane waves (2 Ry), while for the comparison to GW ,
we use 1420 Gaussian functions and 101 plane waves.

IV. OPTICAL PROPERTIES: EXCITONS

Authors of previous studies [18,51] on the absorption of
monolayer ReX2 have shown a multitude of peaks at energies
below the electronic band gap. To get further insights into their
origin, we employ the Bethe-Salpeter equation [46,47], whose
solution leads to exciton energies 	S and the corresponding
wave functions |S〉 = ∑

v,c BS
v,c|vc〉. By employing Eq. (2),

we systematically change the strength of the SOC seen by the
excitons [53]. The upper panel of Fig. 2(a) shows the peak
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FIG. 2. (a) Absorption of monolayer ReS2 depending on the spin-orbit coupling (SOC). 0, 50, and 100% SOC are vertically shifted for
clarity. An artificial broadening of 8 meV is used. The vertical arrows indicate the positions of dark peaks, the horizontal (dark blue) arrows
show the corresponding singlet-triplet splittings. Furthermore, 0 and 50% are horizontally shifted by the changes of the band gap shown in
Fig. 1(d). Close to the corresponding peaks the extension in k space is shown for the first excitations X� , XM1 as well as X�,x and X�∗ .
(b) Analysis of the binding energy [difference of gap in Fig. 1(d) and exciton peak in (a)] and relative oscillator strength of the first four X�

transitions with respect to the SOC. The right panel shows the polarization dependent oscillator strength for 0 and 100%, respectively. The
colors from the left panel are used, and the strength of the two lowest states (black) is increased by a factor of 5. (c) and (d) Comparison of the
real-space visualization of X� and XM1 (left panel 100% SOC, right 0% SOC). The holes are centered in the middle close to a rhenium atom,
respectively.

structure of bright singlet excitations and the corresponding
three (degenerated) triplets lower in energy (vertical arrows).
The horizontal arrows mark the singlet-triplet splitting of each
exciton and are clearly different for the different excitons. The
exciton around � has the lowest energy and is denoted as X�

with energies of 1.70 (triplet) and 1.84 eV (singlet), respec-
tively. Note that the upper panels are shifted by the change of
the band structure gap, as shown in Fig. 1(d). The correspond-
ing exciton amplitude in the first Brillouin zone is shown
above with the highest intensities marked in red-black. This
inset confirms the assignment and also clarifies the slightly
asymmetric shape around � of the adsorption shown in the
lowest panel of Fig. 2(a). The next peaks belong to X�,x and
are all dark; the reciprocal space shows a node line crossing
�. We note in passing that its singlet-triplet splitting is much
smaller, only 30 meV. Furthermore, the next two bright peaks
XM1 and X�∗ and their corresponding triplet states are labeled.
While XM1 is oriented in the M1 direction, X�∗ appears to be
an excited state with a nodal ring around the maximum at �.

Increasing the SOC to 100% allows us to follow the shift
of the peaks as well as the mixing of singlet and triplet states.
For X� , we find that two bright states finally move to 1.70
and 1.79 eV; the first dark state is at 1.68 eV. Figure 2(b)
focuses on this exciton and shows many more mixtures.
Due to the SOC-mediated mixing, the four peaks become
energetically closer, and the amplitude is transferred. If the

SOC is negligible, the states are built up by 
↓↑, 
↑↓, and
[
↑↑ + 
↓↓]/

√
2 for triplet states and [
↑↑ − 
↓↓]/

√
2

for the singlet state (the first spin (of the hole) is reversed
compared with the electron, see Ref. [46]). Increasing the
SOC enhances the coupling between the last two states
(if SOC is fully included, >90% remains from these
configurations). The detailed structure of the excitonic
wave functions of X� is slightly rotated, which is the result of
the changed valence bands discussed in Fig. 1(e). Here, XM1

alters its character even more drastically when varying the
SOC. It can be regarded as a mixture of the previous XM1 and
X�∗ without SOC. The amplitude shows a clear maximum at
�, a nodal ring, and further contributions in the M1 direction.

In addition to the exciton wave function in reciprocal space
�(k), we also show the real-space wave function of X� and
XM1 with and without SOC in Figs. 2(c) and 2(d). The hole
is centered in the middle of the image close to a rhenium
atom, and the left/right panels show 100%/0% SOC, respec-
tively. Both reciprocal and real-space wave functions are point
symmetric and can thus be compared directly. In sum, the real-
space properties seem to be much more robust against changes
of the SOC than the reciprocal-space images discussed before.
However, a detailed comparison of XM1 shows a slightly dif-
ferent shape, i.e., due to SOC, the exciton is slightly more
extended in the y direction. The mixture of excitons is an
important property and is experimentally accessible indirectly
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FIG. 3. Optical absorption of monolayer ReSe2. Spin-orbit cou-
pling (SOC) is fully included, i.e., compare with Fig. 2(a), lower
panel. For further details, see the caption of Fig. 2.

by the response to magnetic fields [54]. For instance, for intra-
and interlayer transitions [55], similar mixtures of excitons
have been observed. We note in passing that adding ±δ in
Eq. (1) is essential to ensure the correct evaluation of the
electron-hole interaction and the exciton wave function (see
discussion above). For ReSe2 (see Fig. 3), the overall situation
is like ReS2. Due to the smaller electronic band gap, the
optical gap is also lower in energy. Again, we find several
peaks; most of them can be assigned to small groups. The
first X� exciton can be found at 1.50 eV; two of the four
mixed peaks carry the main optical weight. The contribution is
mostly localized around �, and the distribution is quite similar
to that of ReS2. Also, the second-lowest peak XM1 makes no
exception and is similarly mixed from contributions to M1

and an excited state (calculation without SOC not shown for
ReSe2). Compared with ReS2, several details vary, i.e., the
peak splittings are a bit smaller, and their relative weights
vary. In sum, both materials have a very similar optical re-
sponse for the neutral monolayers. Because this is true for
doped materials as well, we mostly concentrate on ReS2 in
the next section.

V. OPTICAL PROPERTIES OF CHARGED MONOLAYERS

Now we move to the situation in which the semiconducting
monolayers are doped. The source of the additional charges
is not important; they may stem from defects [56], applied
electric fields [57], or similar. For a description from first prin-
ciples, we employ Eq. (4) discussed in the Methods Sec. II.
To compare with the mentioned available experimental mea-
surements, we focus on ReS2 and negatively charged doping
in Fig. 4. For ReSe2, we find qualitatively similar results
(not discussed here). The upper/lower panels of Fig. 4 show
the optical absorption of ReS2 without/with SOC. The corre-
sponding black curve is the weight due to the excitons already
discussed in Fig. 2. The green curves show the influence of
the doping. Neglecting SOC, the first bright trion and exciton
are found at nearly the same energy. For the lowest dark
transitions (marked by the arrows), the trion binding energy
is just above 10 meV. At higher energies, we find several
further states (above ∼1.9 eV, the Haydock recursion scheme
[58] is used because it requires less computational effort).
However, their exact position and oscillator strength are not

FIG. 4. Optical absorption of ReS2 in negatively charged mono-
layers. The upper panel shows the results without spin-orbit coupling
(SOC), the arrows mark the lowest dark transitions. The lower panel
shows the spectrum if SOC is fully included. These green curves are
compared with the corresponding neutral exciton spectrum (black,
15×15 mesh, like in Fig. 2). Above ∼1.9 eV, the spectrum is eval-
uated using the Haydock recursion scheme. The inset shows the
energies for different Nk , where the extrapolation 1/Nk → 0 deter-
mines the trion binding energy.

fully converged with the employed 15×15 mesh at such high
energies. If we turn on the artificially neglected SOC, we find
the absorption shown in the lower panel of Fig. 4. In addition
to the two strong absorption peaks of the excitons, the lowest
(bright) trion shows up as a shoulder in our calculation (with
the chosen artificial Lorentzian broadening of 8 meV). The
difference of the first bright peaks is the trion binding energy
and can be measured in experiment. In the limit of vanishing
doping, our calculated binding energy is ∼10 meV (inset in
Fig. 4 extrapolated to zero). This value is much smaller than
our calculations for other TMDCs (∼40 meV [50]).

Furthermore, we have calculated the properties of posi-
tively charged states (not shown). Compared with the negative
doping discussed above, we find an almost identical trion
binding energy. Therefore, we conclude that trionic effects are
small in ReX2.

VI. COMPARISON WITH EXPERIMENT

In the literature, there are several studies on the opti-
cal properties, which we will briefly summarize here. For
monolayer ReS2, Tongay et al. [16] found one broad peak
at ∼1.6 eV. Jadczak et al. [19] were able to resolve a sub-
structure of two peaks at ∼1.66 and 1.72 eV. With their mea-
surements, Wang et al. [22,23] also showed two main peaks
at ∼1.66 and 1.73 eV and found three more peaks by fitting
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the shoulders. Two of these were attributed to trions corre-
sponding to the two main excitons, and a trion binding energy
of ∼60 meV was inferred. Similar studies have been carried
out for 2–5 layers, and a very moderate change in intensities
with carrier density as well as polarization dependence was
observed for the 3L sample [22,23]. In the optical properties
of ReSe2, two peaks are found at 1.50 and 1.55 eV [51].

In our calculations of the optical properties for neutral
systems, we find peaks at 1.70 and 1.79 eV for ReS2 and 1.52
and 1.59 eV for ReSe2. Both results are in good agreement
with experimental data down to differences of <50 meV. This
is also true for the polarization dependence [Fig. 2(b)] for the
monolayer compared with 3L [22]). When we simulate the
doped system, we find that the first excitation is <10 meV
lower with respect to the corresponding exciton. Although
we do not simulate all the effects that occur at higher dop-
ing (e.g., band renormalization and additional screening), we
can estimate the changes for higher doping concentrations
[59]. The inset in Fig. 4 shows only a moderate increase
of the trion binding energy. Therefore, we do not expect a
large increase for moderate doping (i.e., fewer Nk). Exper-
imentally, trions have only been detected in the works of
Wang et al. [22,23], while they are absent in the other sam-
ples/measurements reported in the literature. We note that,
in their results (extrapolated to zero doping), the first peak
associated with trions does not disappear (only its intensity
decreases), and the associated trion binding energies of the
first and the second state are different. From our calculations,
we find that the first two excitons are transitions between
the same bands, suggesting similar energetics. In summary,
our calculations do not support the interpretation that trions
with strong binding energies are present in ReX2. We can
only speculate about other reasons, e.g., the PL measurements

might lead to intensities for states interacting with phonons
[26], or the dielectric screening may vary across the sample
[50].

VII. CONCLUSIONS

We studied the electronic and optical properties of ReS2

and ReSe2. Varying the spin-orbit interaction allows us to
understand the origin of the possible low-energy excitations.
The neutral excitons have strong binding energies up to 0.8 eV
and can be found in multipeak structures. The spin-orbit in-
teraction has mixed singlet and triplet states as well as their
optical amplitudes. Two peaks share the optical absorption.
Furthermore, also excitons with different character have hy-
bridized. When the system becomes doped, the absorption
changes only slightly. In the limit of low doping, we calculate
a trion binding energy of <10 meV. We conclude that this
does not support the previous experimental interpretation of
strongly bound trions but may point to other origins of the
experimentally observed peaks.
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