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Resonance Energy Transfer from Monolayer WS, to Organic
Dye Molecules: Conversion of Faint Visible-Red into Bright

Near-Infrared Luminescence

Nicolas Zorn Morales, Nikolai Severin, Jiirgen P. Rabe, Stefan Kirstein,

Emil List-Kratochvil, and Sylke Blumstengel*

The synergetic combination of transition metal dichalcogenides (TMDCs) with
organic dye molecules in functional heterostructures is promising for various
optoelectronic applications. Here resonance energy transfer (RET) from a
red-emitting WS, monolayer (1L-WS,) to a layer of near-infrared (NIR)
emitting organic dye molecules is demonstrated. It is found that the total
photoluminescence (PL) yield of the heterostructures is up to a factor of eight
higher as compared to the PL yield of pristine 1L-WS,. This is attributed to the
efficient conversion of the mostly non-radiative excitons in 1L-WS, into
radiative excitons in the dye layer. A type-I energy level alignment of the
1L-WS, /dye interface assures the emission of bright PL. From excitation
density-dependent PL experiments, it is concluded that RET prevails against
defect-assisted non-radiative recombination as well as Auger-type
exciton-exciton annihilation in 1L-WS,. The work paves the way for employing
organic dye molecules in heterostructures with TMDCs in nanoscale

other materials, like organic molecules or
semiconductor quantum dots, have been
studied intensively over the past years in
order to tune and manipulate the absorp-
tion, luminescence, or conductivity.['?] For
achieving the desired property, the cou-
pling of electronic states of the constituents
across the heterointerface is decisive. This
has motivated many studies on exciton
transfer as well as charge transfer involv-
ing the ground and excited state in TMDC-
based heterostructures.[23*58] In particu-
lar, excited state charge transfer between the
organic component and the TMDCs [59:10]
as well as non-radiative resonance energy
transfer (RET) from organic dye molecules
to TMDCs B61112] have been utilized to

light-emitting devices with improved efficiency and tunable color.

1. Introduction

Heterostructures formed between different transition metal
dichalcogenides (TMDCs) or by the combination of TMDCs with
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enhance the photosensitivity and to tune
the spectral range in nanoscale photode-
tecting devices.>>313] The reverse trans-
fer of excitation energy, namely that from
TMDCs to dye molecules is of special interest for the devel-
opment of nanoscale electrically pumped light sources benefit-
ting from the high PL quantum yield (up to 100%) of organic
dyes as well as the wide tunability of their emission wavelength.
However, two challenges are encountered here: First, a staggered
type-II energy level alignment at the heterointerface is often ob-
served that results in effective charge separation and concomi-
tant quenching of the luminescence of both partners.>1%14] Sec-
ond, excitation of monolayer TMDCs (1L-TMDC) is followed by
fast defect-assisted non-radiative recombination as well as Auger-
type exciton-exciton annihilation (EEA), the latter being already
very efficient at moderate exciton densities in 2D materials.[}>"7]
Defects include sulfur vacancies acting as electron donors and
rendering monolayer sulfides n-doped as well as more complex
defects, such as antisites, transition metal vacancies, line defects,
or vacancy clusters. These are reported to induce deep levels.!8]
Ultrafast spectroscopy has revealed that defect-mediated carrier
capture and non-radiative recombination are dominated by the
Auger process.['?] To achieve RET rates that can compete with
those nonradiative recombination channels in the TMDC, sev-
eral requirements have to be met. A) The interactions that medi-
ate RET, i.e., coulomb or exchange interaction, are short-ranged
(typically < 5 nm) and strongly distant dependent. Therefore,
the molecules must assemble in close proximity to the surface
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of TMDC, preferably as a homogeneous thin film. B) Sufficient
spectral overlap between the donor (TMDC) PL and the acceptor
(dye) absorption is needed to meet the energy resonance condi-
tion. C) To be of use in light-emitting applications, a straddling
type-I interfacial energy level alignment is mandatory to avoid
exciton dissociation and hence quenching of the acceptor PL. D)
The intrinsic PL quantum yield of the acceptor must be as high as
possible with an emission maximum in the desired wavelength
range.

In this study, we demonstrate efficient RET from 1L-WS, as
a donor to a pyronin-analog %! near-infrared emitting dye ¢
as an acceptor. The used dye Atto 725 (Atto-Tec, Germany) ex-
hibits an outstanding photostability and a fluorescence yield of
10% which is high in comparison to other NIR dyes.?!l The
strong and narrow absorption partially overlaps with the 1L-
WS, PL but not with its absorption so that dye and TMDC
can be individually optically addressed. We show that for this
couple all requirements for efficient RET are met which leads
to almost an order in magnitude increase of total PL inten-
sity by simultaneous conversion of the emission energy toward
NIR.

2. Results and Discussion

The RET process in 1L-WS, /Atto hybrid structures is examined
by a combination of steady-state PL and PL excitation (PLE) spec-
troscopy at low excitation densities as well as by time-resolved
PL measurements at high pump pulse fluences. In the latter
excitation regime, the RET has to compete additionally with the
fast EEA in the donor. Furthermore, we compare the excited state
transfer processes in hybrid structures of the dye with 1L-WS,,
bilayer (2L)-WS, and multilayer (ML)-WS,. These experiments
demonstrate the impact of the energy level alignment on the
PL yield. The energy level alignment at the heterointerface is
derived from photoelectron yield spectroscopy of the dye. Two
types of WS, are used in the experiments, namely, large-area
chemical vapor deposition (CVD)-grown 1L-WS, on a sapphire
substrate (2D Semiconductors) and WS, layers manually ex-
foliated under nitrogen atmosphere from bulk crystals (HQ
Graphene) onto mica substrates yielding 1L-WS,, 2L-WS, and
ML-WS, flakes with a lateral size of some tens of micrometers.
Exfoliated monolayers on mica have a higher PL yield than
CVD-grown samples (see Figure S1, Supporting Information)
which agrees with the reported orders of magnitude higher
defect concentration in CVD-grown monolayers.[?? Since PLE
spectroscopy is performed with a commercial spectrometer
(FLS980, Edinburgh Instruments) having a light beam spot size
of ~#1 mm? and therefore requiring large-area samples, all PLE
experiments are performed with CVD-grown 1L-WS,. However,
due to fast defect-assisted non-radiative recombination, the
PL decay of the CVD-grown WS, is close to the instrument
response function (IRF) of our time-correlated single photon
counting set-up even at low excitation density. Therefore, all
time-resolved PL measurements are performed with exfoliated
WS, flakes in a p-PL set-up. Also, the layer number dependent
experiments are performed with exfoliated samples since this
method yields single flakes comprised of 1L-, 2L-, and ML-
regions.
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2.1. RET at the 1L-WS, /Atto Interface at low Excitation Density

The sample layout of the 1L-WS, /Atto hybrid structure and the
considered energy transfer process are schematically depicted in
Figure 1a. Before evaluating the RET at low excitation density
we briefly introduce the optical spectra of the individual compo-
nents. In Figure 1b the PL and PLE spectra of a thin layer of Atto
725 obtained by spin-coating on mica are shown. The PLE spec-
trum is representative of the absorption spectrum of the dye with
a characteristic absorption peak at 1.692 eV and two vibronic pro-
gressions with energy spacing of about 165 meV. The PL maxi-
mum is found at 1.640 eV. The shapes of the spectra are very
similar to the respective absorption and PL spectra in aqueous
solution (2], besides a small red shift by about 10 meV which is
due to the different polarity of the mica surface versus water so-
lution. Obviously, there is no modification of the absorption or
emission of the dye that could be attributed to aggregation. The
PL and absorbance [— 1g(T), where T is the transmission] spec-
tra of CVD-grown 1L-WS, are also shown in Figure 1b. The ab-
sorbance reveals the bands of the A and B excitons. The PL is
dominated by recombination of neutral A excitons which spec-
trally overlaps with the second vibronic band of the absorption
of the dye. The red emission of the TMDC can thus be converted
into NIR emission of the dye, provided that the RET is sufficiently
efficient. The negligible spectral overlap of the absorption of the
dye’s and the absorption of 1L-WS, provides furthermore the op-
portunity to utilize RET to locally read out the absorption of the
TMDC as will be discussed below.

Figure 1c summarizes data collected for a hybrid structure
composed of a CVD-grown 1L-WS, covered by the dye molecules.
An AFM image of the sample is reported in Figure S2 (Support-
ing Information). The morphology of the molecular layer appears
porous with a thickness of ~2 nm and a total coverage of the
1L-WS, surface of ~80%. The molecules are thus in sufficient
proximity to the WS, surface which is an essential prerequisite
for efficient excitation via RET. For a Forster-type transfer, me-
diated by dipole-dipole interaction, a rough estimate of the ex-
pected distance of the RET can be obtained from the calculation
of the Forster radius R, from the spectral overlap integral. As-
suming a PL quantum yield of CVD-grown ML-WS, of 1%, a
mean distance R, ~ 1.5 nm is obtained (see Section S3, Sup-
porting Information for details). This value should, however, be
considered with caution, since the dipole-dipole approximation
only poorly describes the present configuration where the donor
and acceptor are in close proximity. Since dye and TMDC are
in close contact, not only coulomb coupling but also exchange
interaction is expected to contribute to the RET. The latter is,
however, even more short-ranged, since it requires wave func-
tion overlap of the atomic/molecular orbitals at the heterointer-
face. Furthermore, in a layered structure, the energy transfer rate
depends on the density and layer thickness of the acceptor dye
molecules.[**]

The absorbance [— 1g(T)] of the 1L-WS, /Atto hybrid structure
is shown in the lower panel of Figure 1c. It is a linear superpo-
sition of the absorption features of 1L-WS, and that of the dye.
It should be noted that T =1 — A — R with A being the ab-
sorption and R the reflectivity. For thin layers (d <« wavelength
of light) on transparent substrates the R and A spectra have the
same shape.[?! Transfer matrix method simulations (see Section
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Figure 1. a) Design of the 1L-WS, /Atto hybrid structure and schematic depiction of the energy transfer process. b) Optical spectra of the individual
components: PL (orange dashed) and PLE (red solid) spectra of an Atto725 dye layer. The PL of the dye is excited at 1.76 eV and the PLE recorded setting
the detection energy to the low energy side of the PL spectrum at 1.6 eV. PL (light blue dashed) and absorbance [— Ig(T)] (dark blue solid) spectra of
CVD-grown 1L-WS, on sapphire. The PL is excited non-resonantly at 2.82 eV. c) Optical spectra of the TL-WS, /Atto hybrid structure using a CVD-grown
monolayer: Lower panel: Absorbance of the hybrid structure (dark green solid). The spectrum is a superposition of the absorbance of 1L-WS, (blue
shade) and of the dye (red shade). The latter is obtained by normalizing the PLE spectrum of the dye on mica to the respective absorption maximum
in the hybrid structure and shifting the spectrum by +60 meV. The different polarities of the substrate account for this spectral shift. Upper panel: PLE
spectra of the hybrid structure recorded at the low-energy sides of the 1L-WS, emission at 1.97 eV (dark blue solid) and the dye at 1.56 eV (dark green
solid). The PL spectrum of the hybrid structure (light green dashed) is obtained by exciting the sample at 2.82 eV. All spectra are measured at room
temperature at very low excitation power (<0.5 W cm™2). d) Scheme of the RET process at low excitation density: After generation of A excitons in 1L-WS,
the RET rate (kggr) competes with the radiative (k,) and nonradiative (k,,) deactivation rates. In the CVD-grown monolayer, the latter is governed by
defect-assisted nonradiative recombination. e) Energy level alignment at the 1L-WS, /Atto hybrid structure. All energy values are given in eV and rounded

to 50 meV.

S4 and Figure S3, Supporting Information for details) yield that
the ratio of photons absorbed in the dye layer A, . at 1.615 eV and
those absorbed in the 1L-WS, A;; at 2.022 eV is about one third:

21202 V) _ 1/3. The lower panel of Figure 1c summarizes PL
Adye(1.615 V)

and PLE spectra of the 1L-WS, /Atto hybrid structure. The PLE
spectrum recorded at the emission energy of 1L-WS, shows the
absorption of the B exciton. Due to the small Stokes shift, only
the high energy side of the A excitonic resonance is resolved. In
contrast, the PLE spectrum recorded at the emission energy of
the dye reproduces the full absorption spectrum of the 1L-WS,
including A and B excitonic transitions and also the absorption
features of the dye. The fact that PL of the dye is clearly generated
when the hybrid structure is excited in spectral regions where the
molecules do not absorb provides direct evidence that the exci-
tons created by absorption in 1L-WS, are converted via RET into
excitons in the dye layer. Those excitons then recombine radia-
tively with their given quantum efficiency in the heterostructure
as shown schematically in Figure 1d. It should be noted that the
reabsorption of photons emitted by 1L-WS, by the dye is neg-
ligible due to the low absorbance and PL quantum yield of the
TMDC monolayer. The PLE spectrum provides thus an estimate
of the RET efficiency #ggr. The ratio of the PLE intensity ratio
at the absorption maximum of the dye (at 1.615 eV) and the A

excitonic resonance (at 2.022 eV) of the 1L-WS, is about unity:
Ip (2022 eV)
Ipy(L615 eV)
tensity recorded at the emission maximum of the dye at 1.56 eV

excited at an energy fiw results from direct absorption of the dye

= 1 (upper panel in Figure 1c). In general, the PL in-
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and from the excitation of the 1L-WS, that is transferred to the
dye. Thus, the total PLE intensity can be written as:

Iy (ho) (Adye (ho) + nger X Ay (ha))) Maye (1)

Haye is the PL quantum efficiency of the dye in the hybrid struc-
ture. The absorbance of the dye is nearly zero at the A excitonic
transition of 1L-WS, at 2 w = 2.022 eV and, vice versa, the ab-
sorbance of 1L-WS, vanishes at the peak absorbance of the dye
at 1 @ = 1.615 eV. This yields the simple expression for the PLE
intensity ratios at the two energies:

Ip; (2.022 €V) A, (2.022 €V)
e = MRer X e oy (2)
Ip; (1615 eV) Ay (1615 eV)

and hence, in the present hybrid structure, a RET efficiency of
frer ~ 0.33 is obtained.

The PL of the hybrid structure excited at 2.82 eV is dominated
by the emission of the dye (Figure 1c). The emission of 1L-WS,
is reduced in the hybrid structure as compared to the pristine
monolayer by the fraction of excitons that is transferred via RET
to the dye. The total PL output of the present hybrid structure
Ly, is enhanced as compared to I, of the pristine CVD-grown

1L-WS, by a factor f = IIh—”’ ~ 8 due to RET. The factor is calcu-

ref
lated from the PL spectra in Figure 1 recorded with an excitation
energy where the dye is transparent. I, is obtained by integrat-
ing the PL of the hybrid structure over the whole spectral range
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Figure 2. a) AFM image of spin-coated Atto 725 on an exfoliated WS, flake comprising 1L and 2L regions. The height profiles are recorded along the
lines of the same color: blue: on 1L-WS,, green on 2L-WS,, and white: across the 1L-2L step. All values are given in nm. b) PL spectra of 1L-WS, /Atto
(dark green) and 2L-WS, /Atto (light green). The excitation photon energy is 1.94 eV, i.e., smaller than the absorption edge due to the direct bandgap of
WS, and therefore only PL of the dye is generated. For comparison, a magnified PL spectrum of a bare 2L-WS, (grey) excited at 1.76 eV is shown as well.
The spectrum is fitted with three pseudo-Voigt profiles (blue) corresponding to the emission of the A exciton (1.955 eV), defect emission (1.850 eV),
and PL from the indirect optical gap (1.755 eV). c) Energy level alignment at the 2L-WS, /Atto interfaces. For details see main text. All values are given

in eV and rounded to 50 meV.

while I is the integrated PL of the pristine 1L-WS,. The sub-
stantial increase is explained by the fact that the RET rate kypr &
0.5(k, + k,,) = 0.5 - k,, can not only compete with the radiative k,,
but also with the much faster non-radiative recombination rate
k,, in 1L-WS, which is the dominating deactivation channel of
excitons in CVD-grown TMDC monolayers [1°]. A large fraction
of otherwise nonradiatively recombining TMDC excitons is thus
rescued via RET and converted into radiative excitons of the dye
fostered by its high PL quantum efficiency.

At this point, it should be emphasized that efficient RET is
a necessary but not a sufficient condition to achieve such PL
enhancement.['*l As pointed out above, another prerequisite is
that the intrinsically high PL yield of the dye is maintained when
in direct contact with the 1L-WS, and this requires a straddling
energy level alignment of type-I at the heterointerface.!'*] Indeed,
photoelectron yield spectroscopy of the dye implies such type-I
energy level alignment as shown in Figure le where the energy
offsets between the occupied and unoccupied levels have a differ-
ent sign. The position of the dye’s highest occupied molecular or-
bital (HOMO) is obtained from photoelectron yield spectroscopy
(see Section S5, Supporting Information), while the energy of va-
lence band maximum (VBM) at the K-point (5.7-6 eV) is taken
from literature.?%?”] The positions of the dye’s lowest unoccu-
pied molecular orbital (LUMO) and of the conduction band max-
imum (CBM) of 1L-WS, are obtained by adding the respective
electronic bandgap energy E, to the HOMO and VBM, respec-
tively. The gap energies given in Figure le correspond to the op-
tical bandgaps E,, derived from the absorption spectra of the dye
and 1L-WS,. The contribution of exciton binding energy E; to E,
= E,,; + Ej is indicated by the shaded areas in Figure le. Ej is
~200-300 meV for the 1L-WS,.[?8] The difference between the
optical and the HOMO-LUMO gap is not known for the present
dye. It is typically a few hundreds of meV for organic molecules.
Despite the uncertainties of the positions of the unoccupied level,
it can be safely concluded that the energy level alignment at the
hybrid interface provides no driving force for exciton dissociation
and excited state (single) charge transfer between the dye and 1L-
WS,. As a consequence, the high PL yield is maintained in the
1L-WS, /Atto hybrid structure. It should be noted that simultane-
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ous electron-hole transfer from 1L-WS, to Atto via a Dexter-type
transfer is possible and may provide a channel for RET. In hybrid
structures with 2L-WS, or ML-WS,, a very different scenario is
observed. This is discussed in the next section.

2.2. Excited State Charge Versus Energy Transfer as Function of
the WS, Layer Number

The exfoliation process on mica results in WS, flakes comprised
of 1L, 2L, and ML regions. Via u-PL measurements, excited state
transfer processes are evaluated as a function of the TMDC layer
number. Figure 2a shows an AFM image of a WS, flake covered
by the dye. The flake is comprised of 1L- and 2L-WS, as evidenced
by the height profile taken along the step edge and by PL mea-
surements showing the typical PL signal of 1L- and 2L-WS, (see
below). The morphology of the molecular layer does not differ
on 1L- and 2L-WS,. In both regions, the molecular coverage is
~ 80% and the layer height ~ 1 nm. As the excitation laser spot
diameter is 0.9 pm, inhomogeneities of the molecular layer are
averaged out. Figure 2b compares the PL spectra of the dye on
1L-WS, and 2L-WS,. Further, PL line scans were taken across
1L- and 2L regions of the WS, flake as well as along 1L- and ML
regions of a different flake are reported in Figure S6 (Supporting
Information). Importantly, the excitation energy is at 1.94 eV, i.e.,
below the absorption edge due to the direct bandgap of WS, so
that the dye molecules are selectively excited and indirect exci-
tation via energy transfer is ruled out. A strong decrease in the
PL of the dye is observed on 2L-WS,. On ML-WS,, the quench-
ing is even stronger and no PL signal of the dye is detectable
any longer. To reveal the mechanism of the strong PL quench-
ing of the dye, a PL spectrum of the 2L-WS, before the deposi-
tion of the molecules is depicted for comparison in Figure 2b.
It should be noted that the PL spectrum of the 1L-WS, region
shows the typical emission of the A exciton (like in Figure 1c)
confirming the monolayer thickness of the region. The 2L-WS,
spectrum can be deconvoluted into contributions of the A exci-
ton (peak at 1.955 eV), defect emission (peak at 1.850 eV) (which
is very weakly observable also in 1L-WS,), and emission at the
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Figure 3. a) PL transients of pristine 1L-WS, (blue dots) and of the 1L-WS, /Atto hybrid structure (green dots) The excitation energy is 2.82 eV and the
PL is detected at the emission maximum of the 1L-WS, A-exciton at 2.02 eV. The IRF is shown in Figure S1b (Supporting Information). The excitation
power is 64 W/cm?. This translates into an initial exciton density of ny (t = 0) = 1.25 x 10"'cm~2. b) PL transients of pristine 1L-WS, at varied pump
pulse fluences . The solid lines in (a) and (b) fit the decay curves obtained by convoluting a bi-exponential decay law with the IRF. c) Dependence of
the mean PL decay time () (see main text for definition) pristine 1L-WS, on ny (t = 0). d) Scheme of the competing processes in the hybrid structure
at high pump pulse fluences. RET competes with radiative, defect-assisted non-radiative as well as Auger-type EEA in the 1L-WS, donor. The rate yny of

the latter depends on the exciton density ny.

indirect optical gap energy (peak at 1.755 eV) due to a transi-
tion from conduction band minimum (CBM) at midpoint be-
tween K and I' points and valence band maximum (VBM) at
the T point.[?°! Since the PL of the dye is emitted at energies
below the indirect optical gap of 2L-WS,, back energy transfer
from the dye to the TMDC via a Dexter-type transfer mechanism
is very unlikely and cannot explain the strong quenching of the
molecule’s PL.

The explanation of the strong PL quenching is found in
Figure 2c which shows the energy level alignment at the 2L-
WS, /Atto hybrid interfaces. The VBM of 2L-WS, moves in mo-
mentum space to the I'-point and the energy shifts upward above
the dye’s HOMO to ~ 5.4 eV.[2!] The LUMO position of 2L-WS,
is estimated by adding the optical bandgap energy to the VBM.
Due to the increased screening, the Ey in 2L-WS, is reduced and
therefore its contribution to E, neglected.* The resultant energy
level alignment is thus of type-I1. Hence, excitation of the dye may
be followed by hole transfer from its HOMO to the valence band
of the TMDC. As a result of the dissociation of the dye’s excitons
at the hybrid interface, its PL yield is strongly reduced. Such a
type-1I energy level alignment is obviously detrimental for appli-
cations of TMDC/dye heterostructures in light-emitting devices
where the dye serves as the emitter material. The introduction of
a spacer layer between TMDC and dye would help to avoid charge
separation and concomitant quenching of the PL. However, since
RET is very short-ranged, a spacer layer would also reduce the
RET rate and efficiency. Therefore, the proper selection of the ac-
ceptor dye molecule is crucial.
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2.3. RET at the 1L-WS, /Atto Interface at High Excitation Density

The RET efficiency #ygr and the RET time constant zyg can be
directly obtained from time-resolved PL measurements. In that
case, the excitation intensity from the pulsed laser excitation eas-
ily reaches values where the Auger-type EEA process becomes im-
portant, as will be seen in the following. The high-density pulse
excitation measurements are performed with individual exfoli-
ated 1L-WS, flakes before and after coverage with the molecules.
This procedure proofed essential since the PL quantum yield and
thus the PL decay time varies from flake to flake due to possible
strain and/or a different concentration of defect sites introduced
by the exfoliation process (see Figure S1, Supporting Informa-
tion). The data presented in Figure 3 are obtained with one of the
brightest flakes which has a PL quantum yield about twenty times
larger than the CVD-grown monolayer used for the steady state
PL experiments. The PL decay of pristine 1L-WS, (Figure 3a) is
non-exponential and becomes faster with increasing laser pump
fluence (Figure 3b,c) which is indicative of an additional decay
channel of 1L-WS, A excitons due to Auger-type EEA. EEA in
monolayer TMDCs under pulsed excitation at similar initial ex-
citon densities of ny (t = 0) = 10" — 102cm™2 is repeatedly re-
ported in literature.['>'73!] In comparison, the above presented
steady state PL and PLE measurements are performed at an ex-
citation rate of ~ 7 x 10'°cm=2s~! which corresponds to a steady
state exciton density of only ny < &7 X 10’cm™2 assuming an
A exciton lifetime of about ~ 1 ns ['’] (see Section S7, Support-
ing Information) when EEA is ineffective. The PL decay in the
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1L-WS, /Atto hybrid structure is also non-exponential and, most
importantly, noticeably shortened (Figure 3a) which indicates
that RET due to a nonradiative Forster- or Dexter-type process
must be efficient also at high pump fluences. The PL transients
are fitted with a bi-exponential decay law convoluted with the IRF
to obtain a mean lifetime defined by (z) = /'t x I(t)dt/ / I(t)dt.
For pristine 1L-WS, the mean PL decay time is (z,;) = 380 ps.
RET to the dye molecules reduces the lifetime of the A exciton in
the hybrid structure to (z},) = 110 ps. This yields an estimate of
the RET time constant 7y < 150 ps. The inequality reflects that

the PL decay in the hybrid structure is already close to the IRF
and therefore only an upper estimate can be given. The RET rate
exceeds thus all deactivation rates in 1L-WS, at least by a factor
of 2.5. A lower bound for the efficiency of RET is given by #gpr =
(I, = L,) /1,, where I and I, are the 1L-WS, PL yields of the pris-
tine monolayer and in the hybrid structure, respectively, obtained
by integrating the normalized PL transients after deconvolution
with the IRF. Under the present excitation conditions [ ny (¢ = 0)
= 1.25 X 10" cm™2], nger ~ 0.8 is obtained which is quite surpris-
ing since it is even higher than that obtained by the steady state
PLE at low excitation density with the CVD-grown 1L-WS, as
donor. Actually, the opposite trend is expected since at high pump
fluences, RET has not only to compete with radiative and defect-
assisted nonradiative exciton recombination in 1L-WS, but also
with Auger-type EEA as shown in Figure 3¢, and therefore, nypr
should become smaller. The result can be understood by compar-
ing the different rate constants: While the radiative recombina-
tion rate k, of 1L-WS, is an intrinsic material parameter, the non-
radiative recombination rate k,, depends strongly on the defect
concentration and thus on the fabrication conditions. As pointed
out above, the CVD-grown 1L-WS, has about one order of magni-
tude smaller PL quantum yield #y;, than exfoliated samples. Tak-
ing into consideration 77y < 1 suggests that the defect-assisted
nonradiative decay rate k,, in the CVD-grown monolayer is about
one order of magnitude faster than in exfoliated monolayers. As a
result, k,, of the CVD-1L-WS, exceeds the RET rate (nger < 0.5),
and it is apparently also larger than the EEA rate at the exciton
densities created with the pulsed excitation because in the high-
quality exfoliated monolayer, the RET rate kypr prevails over all
deactivation channels in 1L-WS, including Auger-type EEA (nzer
> 0.5).

Finally, we can provide an estimate on the enhancement fac-

tor f = IIh—b obtained for exfoliated 1L-WS, as donor. The PL in-
ref

tensity of pristine 1L-WS, is I = I, A; %, with I, being the

excitation intensity. Choosing an excitation energy where only

1L-WS, absorbs and the dye is only excited via RET yields the

total PL intensity of the hybrid structure Iy, = (1 — #ger) Ler +

rerloAws, Hage- Consequently, the enhancement factor becomes

f =1+ nRET(:‘T’f —1). It is obvious that f> 1 is only achieved

when 74, > ;. For the hybrid structure with the CVD-grown
1L-WS, we have found f~ 8. Taking the literature value 4, ~ 0.1
yields an estimate of 7;; ~ 0.5% agreeing with reported values.[']
The best of our exfoliated 1L-WS, has a PL yield about 20 times
higher than that of the CVD-grown monolayer at sufficiently low
excitation density. This implies that #7,;, ~ 74, and therefore, the
PL enhancement factor fis unity. However, this is true only as
long as EEA is negligible. Increasing the excitation intensity, EEA
sets in, and the PL yield of 1L-WS, drops. For the present mono-
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layer, we find that increasing ny(t = 0) from 1.25 x 10'° to 1.25 x
10'cm~2 lowers the PL yield by about a factor of 3. The value is
obtained by integrating the respective normalized PL transients
after deconvolution with the IRF (Figure 3b) and calculating the
ratio. Consequently 7;; < 0.33n4,. and f > 2.5. The inequality
arises since at the lowest studied ny (t = 0) = 1.25 X 10*cm™2
the occurrence of EEA cannot be entirely ruled out. At the high-
est studied excitation density ny (t = 0) = 1.25 X 10"2cm~2, the
PL transient of the pristine 1L-WS, approaches the IRF. There-
fore, the RET efficiency and consequently the enhancement fac-
tor f cannot be estimated but the number given sets a lower
limit.

3. Conclusion

To summarize, RET from a 1L-WS, to an adjacent dye layer with
an efficiency of up to 80% has been revealed. As a result, the
emission color is converted from visible red to NIR, and the to-
tal PL yield of the hybrid structure is enhanced by up to a factor
of eight as compared to the pristine monolayer. Our experiments
show that RET can compete not only with defect-assisted non-
radiative recombination but also with Auger-type EEA at high
pump fluences. As a result, excitons that would undergo non-
radiative recombination in the TMDC are converted into bright
excitons of the dye layer. Via RET the notoriously low PL quan-
tum yield of TMDCs in particular at high pump fluences can
thus be overcome. The prerequisite is that the acceptor molecules
maintain their intrinsically high PL quantum yield in the hybrid
structures and this requires a type-I interfacial energy level align-
ment. Such TMDC/dye hybrid structures supporting RET have
potential in nanoscale light sources where the TMDC is electri-
cally driven while light with the desired emission color is emitted
efficiently from the dye. The presented results show that even a
rather small spectral overlap can lead to efficient RET which is
due to the very large transition dipole moment of TMDC exci-
tons and an intimate contact of donor and acceptor. The choice
of suitable acceptor molecules and with that the tuning range of
the emission color is thus large. An in-depth discussion of the
underlying mechanism of the RET will be a topic of future work.
It is expected that both Forster- as well as Dexter-type transfer are
contributing to RET. As Dexter-type transfer requires wavefunc-
tion overlap between donor and acceptor, it can be switched off
by introducing an interlayer, for example, hBN, between TMDC
and dye. This would provide the opportunity to study RET by the
Forster mechanism individually. The different dimensionality of
the excitons in the two materials, namely delocalized Wannier-
Mott excitons in the 2D plane of the TMDC and Frenkel exci-
tons localized at the molecule (or delocalized in an aggregate
comprising several molecules) is expected to result in peculiar-
ities which are not captured by the classical Forster theory de-
veloped for molecular donor-acceptor systems as shown in the-
oretical works.[1232] This calls for further in-depth experimental
studies. Both Forster- and Dexter-transfer are short-ranged and
this offers yet another application of RET. The process can be ex-
ploited to study optical transitions in the TMDC with unprece-
dented spatial resolution. As shown in Figure 1c, due to the neg-
ligible overlap of the dye and 1L-WS, absorption, the unobscured
full PLE spectrum of the TMDC can be measured via the detec-
tion of the dye’s emission. With sufficient dilution, a single dye
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molecule or a small molecular cluster can thus serve as a local
probe to read out the optical properties of the TMDC within the
characteristic RET radius, i.e., with a spatial resolution of a few
nm.

4. Experimental Section

Photoluminescence Spectroscopy: Photoluminescence (PL) and PL ex-
citation (PLE) experiments were performed with a commercially available
FLS980 spectrometer (Edinburgh Instruments Ltd) using a Xenon arc
lamp as excitation source. The spot size in this setup was ~ 1 mm? with
an excitation power of < 0.5 W cm™2. u-PL measurements have been per-
formed with a home-built setup using a cw laser diode emitting at 2.82 eV
(Picoquant) as excitation source. The laser spot diameter was 1 um.

The PL line scan shown in Figure S6 (Supporting Information) was ac-
quired with a Raman instrument (XploRA, Horiba Ltd.) using a 638 nm
laser for excitation with 2.4 uW excitation power on the sample surface.
The laser spot diameter was 0.9 pm.

Time-resolved PL was recorded with the same p-PL setup employing
the time-correlated single photon counting (TCSPC) technique. A mode-
locked frequency-doubled fs-Ti:sapphire laser (76 MHz) served as exci-
tation source. The time-resolved experiments had been performed at an
excitation energy of 2.82 eV at varied average excitation power. The overall
time resolution was 30 ps.

Photoelectron Yield Spectroscopy (PYS): PYS had been performed us-
ing a commercially available AC-2 Spectrometer from Riken Keiki. An In-
dium Tin Oxide (ITO) substrate was used to avoid charging of the sam-
ple. The substrate was cleaned by rinsing subsequently in Acetone and
Isopropanol followed by an oxygen plasma treatment for 5 min. PYS was
measured before and after coating the substrate with the dye. The dye layer
was deposited by spin coating from chloroform solution.

All spectroscopic measurements were performed in an ambient atmo-
sphere.

Supporting Information

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