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Monolayer transition metal dichalcogenides (TMDs) show an optimal surface-to-volume ratio and are thus
promising candidates for novel molecule sensor devices. It was recently predicted that a certain class of molecules

exhibiting a large dipole moment can be detected through the activation of optically inaccessible (dark) excitonic
states in absorption spectra of tungsten-based TMDs. In this paper, we investigate the molecule signatures in
photoluminescence spectra in dependence of a number of different experimentally accessible quantities, such
as excitation density, temperature, as well as molecular characteristics including the dipole moment and its
orientation, molecule-TMD distance, molecular coverage, and distribution. We show that under certain optimal
conditions even room-temperature detection of molecules can be achieved.

DOI: 10.1103/PhysRevMaterials.2.014004

I. INTRODUCTION

Transition metal dichalcogenides (TMDs) present a promis-
ing class of nanomaterials with a direct band gap, efficient
electron-light coupling, and strong Coulomb interaction [1-5].
The latter gives rise to a variety of tightly bound excitons,
which determine the optical response of TMDs [6-8]. As
atomically thin materials, they show an optimal surface-to-
volume ratio and are therefore very sensitive to changes in
their surroundings [9-11]. A consequence is that one can
tailor the optical fingerprint of these materials through external
molecules [12-15]. Applying noncovalent functionalization
[16], the electronic band structure remains to a large extent
unaltered, while optical properties significantly change.

In our previous work, we have proposed a sensing mecha-
nism for molecules based on the activation of dark excitonic
states in monolayer TMDs [17,18]. These dark states can
lie energetically below the bright ones but are not directly
accessible by light as they are either spin or momentum
forbidden [19-22]. We have shown that in the presence of
molecules the absorption spectra exhibit an additional peak
appearing at the position of the optically inaccessible K A
exciton. Unfortunately, the peak is only visible considerably
below room temperature due to the significant broadening
of excitonic transitions [23]. The aim of this paper is to
investigate the possibility to achieve room-temperature sensing
of molecules. To reach this goal we investigate photolumines-
cence (PL) spectra, since in contrast to absorption they are not
characterized by a large background signal and thus show a
better signal-to-noise ratio. Another important advantage of
PL is its strong dependence on the number of excited excitons.
After the process of thermalization, the excitons mainly occupy
the energetically lowest dark K A state [24]. As a result, the
additional dark exciton peak is expected to be very large
compared to the bright peak that otherwise strongly dominates
absorption spectra. This paper reveals the optimal conditions
for the maximal visibility of dark excitons in PL spectra, which
presents an important step towards a possible technological
application of TMDs as molecular sensors.
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FIG. 1. Schematic illustration of molecule-induced photolumi-
nescence. Excitonic dispersion of tungsten based TMDs with
the K valley located at the center-of-mass momentum Q =0
and energetically lower A valley located at Q = A ~ 6.6nm™".
(a) Optical excitation induces a microscopic polarization PX in the K
valley. Due to exciton-phonon interaction the polarization can decay
either within the K valley or to the energetically lower A valley.
At the same time incoherent excitons N¥X and NX2 are formed
and thermalize until a Bose distribution is reached. (b) The bright
excitons NXX located at the K valley decay radiatively by emitting a
photon (PL), whereas the dark excitons NX* at the A valley require
a center-of-mass momentum to decay back to the light cone and emit
light. Molecules on the surface of the TMD material can provide this
momentum and hence induce photoluminescence (M-PL) from the
dark A valley.

II. THEORETICAL APPROACH
A. Photoluminescence

To get a microscopic access to the optical response of
pristine and molecule-functionalized monolayer TMDs after
excitation with a laser pulse, we apply the density-matrix
formalism in combination with the nearest-neighbor tight-
binding approach [25-28]. Our goal is to calculate the steady-
state photoluminescence PL(w,) which is given by the rate of
emitted photons

a vey
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which is determined by the photon-assisted polarization [29]
Sﬁfﬁz (cjlaltvak ) with electron annihilation (creation) a®
and photon annihilation (creation) ¢ operators. This micro-
scopic quantity is a measure for emitting photons with the
energy fiw, due to relaxation from the state (c,,kz) in the
conduction band of valley © with the electronic momentum k;
to the state (v,kq) in the valence band with the momentum Kkj.
Note that we take into account the conduction-band minima
both at the K and the A valley, while there is only a valence-
band maximum at the K valley. We neglect the impact of the
energetically lower I' valley.

Before we derive the TMD Bloch equations, we account
for the crucial importance of excitonic effects [4,6,7] by
transforming the system to the excitonic basis. We use
the relation X'\ — Xgo = >, ¢q X, Where each observ-
able X(‘l"Q is projected to a new excitonic quantity Xg

that is weighted by the excitonic wave function ¢g. For
1 1 1 1 . cvvce cvve —_
higher correlatlonllt reads accordingly: X'y . = X(oqo =
> uw PaPy Xoq- Here, we have introduced the center-of-
mass momentum Q = k, — k; and the relative momentum
— ; — _m __m ;
q = oky + Bk; with o = s and B = s with the
electron (hole) mass m‘;(h). The excitonic eigenfunctions ¢g
and eigenenergies ¢ are obtained by solving the Wan-

nier equation, which presents an eigenvalue problem for
excitons [25,26]:

2 2
h g,
2m#

=D VeIl = £l 2
k

Here, m"* = m’Z’f"# is the reduced exciton mass and Vg

describes the attractive part of the Coulomb interaction that is
responsible for the formation of excitons. The corresponding
Coulomb matrix elements are calculated within the Keldysh
potential [7,30,31].

For the case of pristine monolayer TMD one obtains the
well-known Elliott formula for photoluminescence [32] by
solving the semiconductor luminescence equations [29,33]:

e LS

— hwy —iy*
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n

Here, M°" is the exciton-photon matrix element corre-
sponding to the coupling of the exciton to the o po-
larized light [25,29]. In contrast to absorption that is
only determined by the microscopic polarization P =

Z o4 :;LfaQaq pq) the PL also shows an incoherent con-
trlbutlon that scales with the exciton occupation NS =

Z(hqz @gl*¢g23< ;iaQalh ﬂQa:;z ﬁQaq2+aQ>' This ~ quantity
corresponds to the expectation value of correlated electron-
hole pairs and is referred to as incoherent excitons [29]. The
latter cannot be created through optical excitation with a
coherent laser pulse, but are formed assisted by, e.g., exciton-
phonon scattering [24,29]. Finally, the denominator of Eq. (3)
contains the excitonic eigenvalues ¢ determining the position
of excitonic resonance in PL as well as the dephasing rate y*
responsible for the linewidth of excitonic transitions. The latter
will turn out to be crucial for the visibility of dark excitonic
states. Therefore, we microscopically calculate y* including

its radiative and nonradiative part, which is dominated by
exciton-phonon scattering in the considered low-excitation
limit. We find y X% =5 (10) meV and y X% =1 (8) meV for
77 (300) K [23] in WS;.

Our goal is now to calculate the molecule-induced changes
in the photoluminescence, i.e., to what extent Eq. (3) changes
in presence of molecules. In order to calculate molecule-
induced photoluminescence, we start with the relation for the
luminescence in general, i.e., Eq. (1), and derive the TMD
Bloch equations for our system. Beside the photon-assisted
polarization S*, which is the key quantity for the steady-state
luminescence, we will also investigate the molecule-induced
changes in exciton polarization P* and incoherent exciton
densities N* appearing in Eq. (3). In the following, we refer
to P* as the quantity describing coherent excitons.

To derive the TMD Bloch equations for the microscopic
quantities X = §,P,N, we exploit the Heisenberg equation
of motion iiX = [X,H]. The Hamilton operator H = Hy +
H._.+ H._, + H._,;, + H._,, describes many-particle inter-
actions and includes the free carrier and phonon contribution
Hy, the carrier-carrier interaction H._., the carrier-photon
interaction H._,, the carrier-phonon interaction H._p,, and
the carrier-molecule interaction H,_,,. A detailed description
of the Hamilton operator and the appearing matrix elements
can be found in our previous work [7,23,34].

The carrier-molecule interaction is considered to be an
interaction between excitons in the TMD and the dipole
moment induced by the attached molecules. The molecules
disturb the translational symmetry in the TMD lattice and
soften the momentum conservation in the system. Depending
on the molecular distribution and coverage certain momenta
are favored, offering the possibility to address certain otherwise
dark excitonic states. The exciton-molecule coupling elements
read

Gok = D (04785 aikPirpn — 9480 ko Pu-ak) @)
q

with g4 = q —aQ and qg = q + BQ. It corresponds to a
sandwich between the involved excitonic wave functions and
the carrier-dipole coupling gl = (¥ (r)| Y, o3| W} (1))
corresponding to the expectation value of the dipole potential

¢Id(r) = 4;60 ‘}jﬁ;ﬁy that is formed by all attached molecules

and the tight-binding wave functions W}(r). As a result,
the strength of the exciton-molecule interaction is given by
the molecular dipole moment d and the distance Ry of the
molecules from the TMD surface as well as by the number
of attached molecules / which can be translated to a molecular
coverage n,,. Assuming homogeneously distributed molecules
in the x-y direction, one can write Ry = (x - AR,y - AR,R;)
with x,y € N, AR as an average distance between the
molecules and R, as the distance between the molecules and the
TMD surface. With this we find for the carrier-dipole coupling
elements

m €0 A A
Sk = 3t ;nmam_kﬂ,zﬁ ; C (ki) CJ (k)
d-q _
X(Sk‘fk”q/dqm R:q: (5)
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with the tight-binding coefficients C ;(k), where A = v,c de-
notes the valence or the conduction band, while j determines
the contribution from different orbital functions [7].

Applying the Heisenberg equation in the excitonic basis,
we obtain the following TMD Bloch equations:

Sk =—i AdligSko+ My Soaul| Py [ +Ng)

+ 2 _GooSkoo- (6)
"0
Py = —idwg Py + P00+ ) GogPogr (D
"0
Ng =D Tgq"| Pyl 300 = TaaNgdan
0
b NG TN
0
+ %|GQQ’ NQ Q NQ)KV#"(S(V)*Q’ _86) (®)

corresponding to a coupled system of differential equations
for the photon-assisted polarization Sg, the microscopic po-

larization (coherent excitons) Pg , and the incoherent exciton

. . 202
occupation Ng,. Here, we have introduced go = &* + ZMQH
with the total mass M* = mj, + m% and Aw} h(eQ —iyh).

In Eq. (6), the transition frequency is additionally determined
by the photon frequency wy and reads Ad)ﬁQ = Aa)g — wk.
In Eq. (8) £,,, represents a Lorentzian function with width
y* = y* +y". Furthermore, G is the exciton-molecule
matrix element, which enables molecule-induced coupling
between different states p and v for all quantities S, P,N.
Equations (7) and (8) describe the optical excitation and
decay of coherent excitons as well as the formation, thermaliza-
tion, and decay of incoherent excitons [Fig. 1(a)]. In contrast,
Eq. (6) describes the radiative decay of the thermalized ex-
citons including the molecule-assisted photoemission process
[Fig. 1(b)]. The coherent excitons are driven by the optical field
Q" and decay radiatively and nonradiatively, which are both
covered in the dephasing rate y*. The dephasing of coherent
excitons leads to the formation of incoherent excitons, which is
reflected by the term | P?|in Eq. (8). The incoherent excitons
can also decay radiatively with the rate I'/,,, as long as they
are located within the light cone with Q ~ 0. Moreover, the
incoherent excitons thermalize towards a thermal Bose distri-
bution through exciton-phonon scattering. The corresponding

out-scattering rate Fggf’m describes processes from the state

(1,Q) to the state (v,Q’), while the in-scattering rate Ly
describes the reverse process. More details on the scattermg
rates can be found in Refs. [24,29,35].

Since we are interested in the steady-state photolumines-
cence after exciton formation, we can decouple Egs. (7) and
(8) from Eq. (6). We first need to solve Egs. (7) and (8) to
get access to the thermalized exciton distribution. The results
are presented in the next section, in particular focusing on the
changes in the exciton dynamics induced by the presence of
molecules. With this, we have access to the steady-state pho-
toluminescence by solving Eq. (6) via Fourier transformation.
To get analytic insights, we can restrict the appearing sum over

vu in

the momentum Q' in Eq. (6) by taking into account only the
most pronounced terms with Q" = 0. Hence we find for the
incoherent contribution of the photoluminescence

|Mz* [
KK KA
] AE)
. KAp2 .
with o = (AE{f})(F‘S‘;——SL-HyKA) and AEz =gl — ha)—l)/“. For

GKA =0,i.e.,the pristine case without molecules, this leads to
the well-known Elliott formula from Eq. (3) in the incoherent
limit with | P#*| = 0. If GK? #£ 0, i.e., in the case of molecules
attached to the surface of the TMD, we expect new peaks to
appear in the PL, whenever AE/ = 0.

Now, we have all ingredients at hand to investigate
molecule-induced changes in the photoluminescence. If not
otherwise stated, we use a standard set of molecular param-
eters: a dipole moment of d = 13 D corresponding to the
exemplary merocyanine molecules [36], a dipole orientation of
90°, and amolecular coveragen,, = 1.0 nm~2. The orientation
of the molecules is assumed to be perpendicular to the TMD
plane, which is the most favorable case for densely packed
molecules [37]. Moreover, we assume the molecules to be
attached noncovalently via van der Waals interaction leading to
a distance between molecules and TMD surface of R, = 0.36
nm. We model the realistic situation, where TMD monolayers
are located on a SiO, substrate with a dielectric constant
of epg = 3.9. We assume a typical carrier density of n.,, =
10'"" cm™2. To calculate the relative separation between bright
KK and dark KA exciton, we solve the Wannier equation
using consistent density functional theory input parameters
regarding the electronic band structure of TMDs [38]. We find
AEXA = EXKK _ EXA ~ 50 meV for WS, as our standard
TMD material. Finally, we use an exemplary temperature
of T =77 K as the linewidths in this regime are narrow
enough to study the molecule-induced changes in the optical
response. A detailed temperature study including optimal
room-temperature conditions is revealed in the last section of
this paper.

First, we will show the influence of the molecules on
the exciton dynamic by solving Egs. (7) and (8) in order
to access the steady-state exciton distribution needed for
photoluminescence. With this insight, we will then calculate
the molecule-assisted photoluminescence by solving Eq. (6)
and exploiting Eq. (1).

B. Exciton dynamics

Before we investigate the changes in the optical fingerprint
of the TMD material after noncovalent functionalization with
molecules, we first study the impact of molecules on the
exciton dynamics. Evaluating Egs. (7) and (8), we have a
microscopic access to the time- and momentum-resolved
dynamics of coherent and incoherent exciton densities and
can track the molecule-induced changes in the formation and
thermalization of excitons. For pristine TMDs we find (i) the
formation of a coherent exciton density | PX|? as the response
to the optical excitation of the system with a weak pump
pulse and (ii) radiative and nonradiative decay of the coherent
exciton density and the phonon-assisted formation of an
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FIG. 2. Impact of molecules on exciton dynamics. Molecule-
induced changes AN* = (N}, — N§)/N{" in the occupation of
KK (orange line) and K A (purple line) excitonic states in WS,
functionalized with merocyanine molecules with a dipole moment
of 13 D at the exemplary temperature of 77 K. Here, N’ and
N{ denote the excitonic occupation in and without the presence of
molecules, respectively. We observe that the molecules first slightly
enhance the formation of K A excitons (¢ < 0.2 ps), while during the
exciton thermalization they increase the population of K K excitons.
In general, the molecule-induced changes in the exciton dynamics
are rather small with less than 3%. The inset shows the absolute
exciton dynamics for pristine WS,, where after 0.5 ps an equilibrium
distribution is reached with the highest occupation of the energetically
lowest K A excitons.

incoherent exciton density NS (see the inset of Fig. 2). The time
scale for the decay of coherent and formation of incoherent
excitons is rather fast with <0.1 ps after optical excitation,
whereas the thermalization is on a slower time scale and the
equilibrium is reached after approximately 0.5 ps [24]. Inter-
estingly, after thermalization the density of the K K excitons is
negligibly small, since most excitons occupy the energetically
lowest K A states (inset of Fig. 2). As this state is dark, i.e.,
optically inaccessible, most incoherent excitons are lost for op-
tics. However, molecules can principally provide the required
center-of-mass momentum Q to reach these dark states.

Now, we investigate how the attached molecules influence
the processes of exciton formation and thermalization. This
is achieved by including the molecules in the calculation of
coherent and incoherent exciton densities [see the last line
in Eqgs. (7) and (8)]. Figure 2 illustrates the difference of
the densities AN* = (N, — N§')/ N with and without the
exemplary merocyanine molecules, normalized to the total
occupation N*'. We find that within the first 100 fs the
occupation of the KA excitons is slightly enhanced, while
the occupation of K K excitons is reduced. This means that
molecules support the formation of incoherent K A excitons
on the one hand and suppress the formation of incoherent
K K excitons as molecule-mediated exciton relaxation to K A
states is very efficient. For the exciton thermalization the
behavior for K A and K K excitons is inverse and the molecule-
induced changes are more pronounced. Note, however, that
the observed changes are generally rather small and are in the
range of 2%. This justifies well the decoupling of Egs. (7)
and (8) from Eq. (6) as the influence from the molecules to the
thermalized distributions is small. Furthermore, since the focus
of our paper lies on the energy-resolved photoluminescence, it

is sufficient to take into account thermalized incoherent exciton
occupations.

In the following, we investigate to what extent the molecule-
induced photoluminescence is sensitive to experimentally
accessible knobs, such as carrier excitation density and tem-
perature as well as molecular characteristics including dipole
moment, orientation, distribution, coverage, and distance. We
focus on tungsten-based TMDs (WS, and WSe,), since here
the dark K A exciton is the energetically lowest state exhibiting
a large occupation after the thermalization. As a result, we ex-
pect the largest PL signal for dark excitons in W-based TMDs.

III. EXCITATION DENSITY

Here, we study the impact of the excitation density on the
PL of TMDs in presence of molecules. For incoherent excitons
after thermalization, we assume a Bose distribution

-1
EM — Mchem
Nj = [exp (QkT -1 (10)

. 202
with Eg =t + % the Boltzmann constant kg, and the

chemical potential [25] pepem = kg7 In[1 — exp(— ;’;f:}%ﬁ ),

where nq is the excitation density. Now, we investigate the
influence of nx on KK and KA excitons and their optical
fingerprint in PL spectra. The incoherent exciton density is the
driving mechanism for the photon-assisted polarization and
hence for the PL [see Eq. (9)]. For the pristine case, Ng ¥ is
the crucial quantity, while the relaxation from K A excitons
and hence the occupation N&* only contribute in presence
of molecules, i.e., GK* £ 0. Since the excitation density 7.y
directly enters NS, we expect it to have a large impact on the
PL.

Figure 3(a) shows the PL spectrum for the exemplary mono-
layer WS, functionalized with merocyanine molecules. The
broad peak located at 2.0 eV corresponds to photons emitted
from the bright K K excitons whereas the narrow peak at 1.947
eV corresponds to molecule-induced emission of photons from
dark K A excitons [see also Fig. 1(b) for a schematic view of the
process]. The linewidth of the energetically lower-lying dark
exciton is smaller, since it cannot decay radiatively and since
also the nonradiative channels are restricted to less efficient
processes involving the absorption of a phonon.

As incoherent excitons are the driving force for photolu-
minescence, one can think about possibilities to optimize the
signal from the dark exciton state via change of the excitation
density nex. Figure 3(a) shows the PL spectra for different 7.
For a better comparison of the relative intensities, the spectra
are normalized to the intensity of the bright peak. We observe
that the dark exciton peak becomes more pronounced with
increasing excitation density. Figure 3(b) shows the absolute
maximum intensity of the bright (orange line) and the dark
(purple line) peak as a function of the excitation density. We
find that the bright exciton peak is decreasing, while the dark
one is increasing in intensity. This can be ascribed to the
fact that with higher excitation even more excitons occupy
the energetically lower dark K A state. Considering the PL
intensity ratio of the dark to the bright exciton peak, we even
find that for ne > 10 x 10" cm™2 the dark peak becomes
more pronounced than the bright one [see Fig. 3(c)]. Even in
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FIG. 3. Dependence on excitation density. (a) The PL spectrum of
molecule-functionalized WS, shows a broad peak at 2.0 eV stemming
from bright K K excitons and a narrow peak at 1.947 eV reflecting the
molecule-activated dark K A excitons. The calculation is performed at
77 K and the PL intensity at different excitation densities is normalized
to the the bright resonance. In the low excitation regime (purple
curve) the dark peak reaches 80% of the intensity of the bright
peak. For excitation densities higher than 10 x 10'' cm™2, the dark
peak becomes even more pronounced. (b) Maximum PL intensity of
the dark (purple) and the bright (orange) peak as well as (c) their
ratio as a function of the excitation density ne, for WS, (solid) and
WSe, (dashed). Both TMDs show qualitatively the same behavior,
although in WS, the dark peak is even for low excitation densities
more pronounced due to larger overlap of excitonic wave functions
resulting in more efficient molecule-exciton coupling.

the low excitation regime (1., < 10'' cm~2) the dark exciton
is still clearly visible in the PL.

For comparison, we also show the PL for WSe, (dashed
lines). We find a similar behavior. The qualitative differences
stem from different exciton-molecule coupling strengths in
the two materials and different masses M* entering the
chemical potential. The exciton-molecule coupling is more
efficient in WS, and hence the visibility of the dark peak
is stronger in general. On the other hand, the higher mass
M*" in WS, reduces the sensitivity to the excitation density,
i.e., the Bose distribution changes slower than in WSe,
and hence WSe, shows a larger slope in the intensity ratio
[see Fig. 3(c)].

To sum up, the excitation density is a promising experi-
mental knob to enhance the visibility of the additional peak
stemming from the molecule-activated dark excitons.

IV. MOLECULAR CHARACTERISTICS

Having revealed the principle mechanism of molecule-
induced photoluminescence activating the dark K A exciton,
we now want to investigate the sensitivity of the mechanism
on molecular characteristics. We have shown that the energetic
position of the dark peak is determined by the internal dark-
bright separation within the TMD, whereas the intensity of the

20
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FIG. 4. Dependence on molecular dipole moment and orientation.
(a) Surface plot showing the PL intensity ratio of dark and bright
excitons in functionalized WS, as a function of the molecular dipole
moment and orientation at 77 K. We find the best visibility of the dark
peak for perpendicular dipole orientation and large dipole moments.
However, already for molecules with a dipole moment of 5 D, the
dark exciton becomes visible in case of the perpendicular dipole
orientation. The dashed white line shows our standard parameters
within this paper including a fixed orientation of 90° and a fixed dipole
moment of 13 D (merocyanine molecule). The corresponding cuts
from the surface plot are shown in (b) and (c), respectively, including
a direct comparison to WSe, (dashed line). Additionally, we show
the dependence on molecular dipole moment for randomized dipole
orientation [orange line in (b)].

dark exciton peak is given by the strength of the coupling with
the molecules. In the following, we study the PL intensity ratio
between the dark and the bright exciton peak, since this is the
key quantity for efficiency of the activation of dark excitons
and thus for the sensitivity of the molecule detection.

A. Molecular dipole moment and orientation

First, we study the impact of the molecular dipole moment
including its orientation with respect to the TMD surface.
Figure 4(a) shows the PL intensity ratio between the dark
and the bright exciton peak as a function of the strength and
the orientation of the dipole moment in the case of function-
alized WS, at 77 K. We find the best visibility of the dark
exciton peak for high dipole moments with a perpendicular
orientation.

To obtain further insights, we show in Figs. 4(b) and 4(c)
the dependence on the dipole moment for a fixed orientation
of 90° and the dependence on dipole orientation for a fixed
dipole moment of 13 D (merocyanine molecule), respectively
[corresponding to the dashed white lines in Fig. 4(a)]. The
PL intensity ratio shows a quadratic increase with the dipole
moment, and even for relatively low dipole moments of
approximately 5 D the visibility of the dark exciton is in the
range of 20%. The dipole orientation study reveals a vanishing
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dark exciton feature for parallel orientation of the dipole
moment and a maximum impact for perpendicular orientation.
Both observations can be understood in analogy to a classical
dipole field. The stronger the dipole moment of the attached
molecules, the stronger is the induced dipole field and hence
the more efficiently the molecules interact with the TMD. For
the orientation of the dipole, the analogy to a classical dipole
field reveals the largest overlap of the induced dipole field
with the TMD surface for perpendicular dipole orientation. The
study on randomly orientated molecular dipole moments [see
orange line in Fig. 4(b)] shows that even though the dark-bright
intensity ratio becomes smaller in case of randomization we
still obtain a visibility of 40% of the dark exciton peak for
d=13D.

Finally, the dashed lines in Figs. 4(b) and 4(c) show WSe,
which reveals the same trends. The dark exciton peak for
d < 15 D is less pronounced than in WS, due to the less
efficient exciton-molecule coupling. Interestingly, for stronger
dipole moments (d > 15D) the dark peak in WSe, becomes
more visible. This can be traced back to the smaller total
mass M* in WSe,, which results in a more sensitive behavior
to changes and eventually to a higher slope for the dipole
dependence.

In summary, we predict the best visibility of the dark
exciton peak for molecules with a large dipole moment and
a perpendicular orientation with respect to the TMD surface.
A visibility of up to 10% is predicted for molecules with a
dipole moment of 3 D.

B. Molecule-TMD distance

Another crucial quantity is the distance R, between the
molecules and the TMD surface. Here, we assume a nonco-
valent adsorption of molecules via van der Waals interaction.
As aconsequence, the minimal R, is given by the van der Waals
radius, which is approximately 0.36 nm. However, due to sur-
face roughness, impurities, or the presence of linker molecules,
this distance might be larger in a realistic experimental setup
and hence it is important to shed light on the impact of R,
on the visibility of the dark exciton in PL spectra. Figure 5
illustrates the maximum PL intensity as a function of energy
and molecule-TMD distance R,. The bright exciton peak is
located at 2.0 eV and does not show any noticeable changes as
a function of R,. In contrast, the visibility of the dark exciton
PL peak at 1.947 eV is significantly reduced with the increasing
distance. In analogy to the expectations from a classic dipole
field, we find an exponential decrease of the exciton-molecule
interaction with e~ % [see Eq. (5)].

In summary, the closer the molecules are attached to
the TMD surface, the more pronounced is the dark exciton
feature in the PL spectrum. One could principally exploit the
exponential dependence to determine the distance between the
attached molecules and the material surface.

C. Molecular distribution and coverage

Now, we address the molecule distribution and coverage on
the TMD surface and to what extent they influence the visibility
of the dark exciton in PL spectra. The molecular coverage n,,
corresponding to the number of molecules on a fixed surface

1.5
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FIG. 5. Dependence on molecular distance. PL of functionalized
WS, in dependence of the distance between the TMD surface and
the attached molecules R,. The PL intensity is shown at 77 K
and is normalized to the intensity of the bright peak. We find that
the visibility of the dark exciton decreases with larger distance as
the exciton-dipole interaction becomes weaker. The distance has no
influence on the position of the dark peak.

area plays a crucial role for the activation of dark excitons
as it determines the induced center-of-mass momentum. Note
that we do not consider molecule-molecule interactions, which
might become important for a very large number of attached
molecules.

Projecting the carrier-dipole coupling from Eq. (5) into the
excitonic basis and assuming the simplest case of a periodic
molecular distribution allowing us to analytically solve the
appearing integrals, we find

Go aZSQ%nme—Q. a1

One sees immediately the connection between the distance
of molecules AR (reflecting the molecular coverage) in real
space and the induced center-of-mass momentum in the Kro-
necker delta. To reach the K A exciton, a molecule-induced
momentum transfer of approximately Q ~ 6.6 nm™~! is needed
corresponding to the distance between the A to K valley in
the Brillouin zone. This translates in real space to AR =
2~ 1 nm. For larger distances between the molecules (i.e.,
smaller molecular coverage), the momentum can still be
provided through higher-order terms in the appearing sum
in Eq. (11), however the strength of the coupling becomes
smaller. Note also that on one side the exciton-dipole cou-
pling increases with larger molecular coverage, but on the
other side it also decreases exponentially with the transferred
momentum Q [Eq. (11)]. This results in an optimal molecular
coverage, similarly to the already investigated case of carbon
nanotubes [39].

First, we investigate the case where molecules are periodi-
cally distributed on the TMD surface and build a molecular
lattice. The corresponding molecular lattice constant deter-
mines the momentum that can be provided by the molecules
to address dark excitonic states. Figure 6 shows the PL spectra
normalized to the bright peak for high molecular coverage
(n,, = 1.15 nm~2), the standard density in this paper (n,, =
1.0 nm~2), medium molecular coverage (n,, = 0.5 nm~?), and
low molecular coverage (n,, = 0.25 nm~?2). Our calculations
reveal that the visibility of the dark exciton is the most
pronounced for n,, = 1.0 nm~? as the provided momentum Q
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FIG. 6. Dependence on molecular coverage. PL
spectra of functionalized WS, for a relatively (a) high,
(b) perfect, (c) medium, and (d) low molecule coverage
n,,. The spectra are normalized to the bright peak. Light
purple curves shows a periodic molecular distribution,
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whereas the dark purple line represents the case of
randomly distributed molecules on the surface of WS,.
We find the best visibility for a molecular coverage of
n,, = 1.0 nm~? and a periodic distribution. In the case
of randomly distributed molecules, the dark exciton
peak decreases roughly to half and smears out to the
higher-energy side.

1.94 196 198 2 2.02 1.94 196 198
Energy (eV)

corresponds to the momentum needed to reach the A valley. If
we go to higher coverage, the peak decreases as the transferred
momentum is not matching the A valley and the coupling
strength decreases exponentially with Q [see Eq. (11)]. Note,
however, that even for small coverage the dark exciton peak is
still clearly visible. Its intensity is in the range of 10% of the
intensity of the bright peak.

We observe that the bright peak shifts to the red at
small molecular coverage. The origin of the redshift can be
understood as follows: the transferred momentum for n,, =
0.25nm~2 of Q ~ 1.65 nm~! is rather small and can only
enable indirect transitions within the dispersion of the KK

excitons with an energy EXK = ¢k + gjw—QKz These intraval-
ley transitions become more favorable for small molecular
coverage. The molecule-induced PL from these states is ap-
proximately 100-200 meV above the bright peak (not shown
in the spectra). The coupling to the bright resonance leads
to the observed redshift. A detailed description of intravalley
transitions can be found in Refs. [34,39,40]. The focus in
this paper is on higher coverage, where the dark K A can be
reached.

Now, we investigate the case of randomly distributed
molecules on the TMD surface. We assume a fluctuation of the
position of the molecules around their equilibrium position. We
allow fluctuations of up to 10% modeled by a Gaussian random
distribution. We find that now the dark exciton peak smears out
to higher energies and its intensity decreases by approximately
half. The dark exciton remains visible, if the molecular
coverage is not too low (see dark purple lines in Fig. 6). The
random distribution of molecules weakens the efficiency of
exciton-molecule coupling and reduces the visibility of the
dark exciton. For low molecular coverage, the dark exciton
peak even disappears [Fig. 6(d)], as the probability to find the
required center-of-mass momentum to address the intervalley
K A excitons is low. However, the probability for intravalley
transitions along the dispersion of the K K exciton increases.
These K K transitions are responsible for the redshift (still
observable, but less pronounced compared to the periodic case
due to the reduced exciton-molecule coupling). The observed
peak asymmetry in case of the randomized distribution can
be traced back to dark K A transitions along the dispersion of

2.02

the K A exciton corresponding to EA* = g + ZWQ; . Due to
the large effective mass M* the molecule-induced PL from
these states is approximately 50 meV above the dark peak and
hence it is visible as a high-energy wing.

In summary, low molecular coverage and randomized
molecular distributions induce peak broadening and asymme-
try as well as a reduction of the dark exciton peak intensity.
Nevertheless, the dark exciton still remains visible, confirming
that the effect is robust also under realistic conditions. The best
visibility is clearly reached for high molecular coverage and
periodically distributed molecules.

V. TEMPERATURE DEPENDENCE

The investigations discussed so far have been performed at a
temperature of 77 K, since here the exciton-phonon coupling is
weak, leading to narrow linewidths allowing a clear separation
of bright and dark exciton peaks in PL spectra. Now, we show
a temperature study on the visibility of the dark exciton aiming
at the possibility for room-temperature detection of molecules.

The temperature affects the Bose-Einstein distribution of
both phonons and excitons. The first has a direct impact on
the efficiency of the exciton-phonon coupling and hence the
exciton linewidths. The second determines the relative occu-
pation of dark and bright exciton states directly influencing
the PL spectra. Figures 7(a) and 7(b) illustrate the PL intensity
ratio between the dark and the bright peak as a function
of temperature and molecular dipole moment for WS, and
WSe,, respectively. For low temperatures and high dipole
moments, the visibility of the dark exciton is the best, as the
peak linewidths are narrow and the exciton-dipole coupling is
strong. We find a much broader temperature and dipole moment
range with a good visibility of the dark exciton in WS,. Surpris-
ingly, we observe at room temperature and at dipole moments
down to 10 D a clearly visible dark exciton peak. In contrast,
for WSe, dark excitons cannot be efficiently activated at room
temperature even for very high dipole moments of above 30
D. This is due to the enhanced carrier-phonon coupling, which
leads to broader peaks in selenium-based TMDs [23,41].

For a more quantitative understanding, we show for WS,
the maximum PL intensity for the bright (solid lines) and
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FIG. 7. Dependence on temperature. PL intensity ratio of dark-
to-bright peak of functionalized (a) WS, and (b) WSe, for different
temperatures 7' and molecular dipole moments d. We find the best
visibility of the dark exciton for low 7 and high d. Note that in case
of WS, evenat T = 300 K the dark peak is visible for dipole moments
down to 10 D. In case of WSe, the peak disappears at 250 K even for
high dipole moment due to the broader linewidths in selenium-based
TMD:s. (c) PL intensity of the dark (dashed line) and bright (solid
line) peak as a function of temperature for three exemplary dipole
moments. We observe that, depending on the dipole moment, the
crossing temperature between dark and bright peak changes. (d) PL
intensity ratio of the dark and bright peak in WS, shows an exponential
decrease that can be ascribed to the Bose distributions of thermalized
excitons.

the dark peak (dashed lines) as a function of temperature
for three exemplary dipole moments [see Fig. 7(c)]. We
see that the bright peak increases in intensity, whereas the
dark peak decreases for higher temperatures. This reflects
the Bose-Einstein distribution of thermalized excitons, where
the occupation of the energetically higher bright state becomes
larger with temperature. For our standard set of parameters
including a dipole moment of 13 D, the bright exciton peak
is more pronounced at all temperatures. However, for 20 D
(30 D), the dark peak becomes more efficient at least at 77 K
and exceeds the bright transition by a factor of 2 (5), reflecting
the strong exciton-molecule interaction. We observe that in the
temperature range of 80—100 K the dark exciton peak decreases
quickly for all dipole moments, while the bright peak becomes
much more pronounced. The critical temperature at which the
bright exciton becomes more pronounced than the dark one
is 80 (90) K for 20 (30) D. For T > 100 K, the intensity of
the bright peak saturates to 1, while the dark peak basically
vanishes. Figure 7(d) shows the PL intensity ratio of the dark
and the bright exciton for WS, in the low-temperature range
of 70-150 K. We observe a clear exponential decrease with
temperature reflecting the Bose-Einstein distribution of ther-
malized excitons. The decay rate is the same for all molecular
dipole moments, since the exciton-molecule coupling only

(b) The main limiting factor is the broad excitonic linewidth at room
temperature. Hence, we also show the derivative of the PL, which
shows clear traces of the dark exciton at room temperature even for
13 D. Note that the spectra are shifted along the y axes for better
visibility.

determines the initial value for the PL intensity ratio, but not
its decay. It is given by the Bose-Einstein distribution and the
energetic difference between bright and dark state.

The general temperature dependence can be understood
on microscopic footing: At low temperatures, the majority of
excitons occupy the energetically lowest K A states, as the
exciton-phonon scattering is too weak to scatter carriers into
the higher K K exciton states. The larger the temperature, the
more efficient exciton-phonon scattering and the larger is the
redistribution of excitons among the K A and K K states, i.e.,
NXA decreases and NXX increases. As a direct consequence,
the PL intensity of bright K K excitons is enhanced at higher
temperatures, while the PL intensity of the dark KA is
reduced. Additionally, the larger the temperature, the broader
are the linewidths of both bright and dark excitonic resonances
eventually resulting in a vanishing visibility of the dark exciton.

As shown in Fig. 7(a), the dark exciton peak is visible in
WS, even at room temperature. To get further insights into
room-temperature conditions, we show the logarithmic PL
spectrum at 7 = 300 K for pristine (orange) and functionalized
WS, including three different molecular dipole moments [see
Fig. 8(a)]. In case of pristine WS,, we find only one broad
peak at 2.0 eV corresponding to the bright exciton resonance.
With molecules, the additional peak at 1.91 eV appears.
Here, we investigate free-standing WS, without any substrate.
This shifts the dark exciton peak to lower energies, which is
favorable at room-temperature conditions with large excitonic
linewidths. Under these conditions, we find a visibility of
the dark exciton peak to be approximately 3% of the bright
exciton peak in the case of our standard merocyanine molecules
with 13 D. For higher molecular dipole moments of 20 D
(30 D), the intensity of the dark peak increases to 5% (9%)
with respect to the pristine peak, which should be resolvable
in PL experiments. Even clearer signatures can be seen in
the first derivative of the PL spectrum, where we find an
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oscillation at 1.91 eV corresponding to the position of the
dark K A exciton. This presents a large advantage compared
to absorption spectra, where only a small shoulder is visible at
room temperature [17].

VI. DISCUSSION AND CONCLUSION

Here, we summarize and discuss the obtained insights for
low- and room-temperature conditions. In the low-temperature
(77 K) case, exciton-phonon coupling is relatively weak and
PL spectra are characterized by narrow excitonic linewidths.
These are good conditions for pronounced features stemming
from the dark exciton. We find that molecules with dipole
moments larger than 3 D can be detected. The larger the dipole
moment, the more efficient is the exciton-molecule coupling
and the more pronounced is the dark exciton. Furthermore,
the orientation of the dipole moment also matters. We find
the largest visibility of the dark exciton for the perpendicular
orientation with respect to the TMD surface, since here the
overlap with the dipole field is the largest. Another important
property is the molecular coverage n,,, since it determines
the possible molecule-induced momentum transfer. We find an
optimal response for n,, ~ 1 nm~2 in the case of periodically
distributed molecules. For randomized distributions, the effect
becomes smaller, but the signatures of the dark exciton are
still visible. Moreover, the smaller the distance of the attached
molecules to the TMD surface, the more pronounced is the
effect. We have shown that even for distances larger than
the van der Waals radius the molecule signatures still remain
visible in PL spectra.

In the room-temperature case, the exciton-phonon coupling
is strong, resulting in a broadening of the excitonic transitions,
which strongly restricts the visibility of the dark exciton.
However, for molecules with a dipole moment larger than 10 D,
we can still observe clear signatures in the PL spectra assuming
that the dipole orientation, the distance to the TMD surface, and
the molecular coverage are optimal. Moreover, the excitation
density can be used as an additional knob to further increase
the visibility of the dark peak.

In summary, we have revealed a promising potential of
monolayer tungsten disulfide (WS,) as a novel nanomaterial
for detection of molecules with a large dipole moment. We have
shown that its photoluminescence is very sensitive to external
molecules, giving rise to a well-pronounced additional peak
that can be ascribed to the activation of dark excitonic states.
Depending on different experimentally accessible knobs, even
room-temperature detection of molecules becomes possible.
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