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ABSTRACT: Energy transfer processes may be engineered in van
der Waals heterostructures by taking advantage of the atomically
abrupt, Å-scale, and topologically tailorable interfaces within them.
Here, we prepare heterostructures comprised of 2D WSe2
monolayers interfaced with dibenzotetraphenylperiflanthene
(DBP)-doped rubrene, an organic semiconductor capable of
triplet fusion. We fabricate these heterostructures entirely through
vapor deposition methods. Time-resolved and steady-state photo-
luminescence measurements reveal rapid subnanosecond quench-
ing of WSe2 emission by rubrene and fluorescence from guest DBP
molecules at 612 nm (λexc = 730 nm), thus providing clear
evidence of photon upconversion. The dependence of the
upconversion emission on excitation intensity is consistent with a triplet fusion mechanism, and maximum efficiency (linear
regime) of this process occurs at threshold intensities as low as 110 mW/cm2, which is comparable to the integrated solar irradiance.
This study highlights the potential for advanced optoelectronic applications employing vdWHs which leverage strongly bound
excitons in monolayer TMDs and organic semiconductors.
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Van der Waals heterostructures (vdWHs) comprised of
stacked 2D crystal monolayers can be used to elicit

emergent electronic and photonic phenomena.1−4 For
example, excitons in a 2D semiconductor can be significantly
perturbed through altered band alignments and Moire ́ effects
induced by an adjacent 2D crystal layer interacting only across
the van der Waals gap.5−9 Moreover, energy transfer processes
may be engineered via vdWHs by taking advantage of the
atomically abrupt, Å-scale, and topologically tailorable
interfaces within them.10 However, interfaces formed solely
between 2D atomic crystals are not a panacea for creating and
controlling unique correlated systems. Alternatively, molecular
assemblies and lattices provide compelling advantages, because
they are eminently modifiable through chemical synthesis and
derivatization.11−13 Mixed-dimensional heterostructures com-
bine the mechanical flexibility of 2D atomic crystals with the
structural and electronic tunability of molecular materials to
enable advanced excitonic devices.14−16 Initial studies of 2D-
organic heterostructures have demonstrated their promise in
photovoltaics,17,18 photodetectors,19−21 and spin-selective
charge transport.22

Exploiting solid-state triplet fusion upconversion (TUC)
within hybrid TMD/organic semiconductor architectures has
recently generated considerable interest among the optoelec-
tronics community.23 During TUC, pairs of low-energy
photons are converted into high-energy photons via an
incoherent process mediated by the triplet (spin 1) excited

states of organic semiconductors.24,25 Since direct photo-
excitation of these triplet states is spin-forbidden, TUC
architectures employ triplet sensitizers that strongly absorb
light and transfer photoexcitations to the molecular triplet
acceptor states.24 Once two diffusing triplets encounter each
other, their energy may be combined in an overall spin-
conservative process called triplet fusion (or triplet−triplet
annihilation).26 This process can yield a higher-energy singlet
on one molecular chromophore that emits the final short-
wavelength photon, thus manifesting the TUC process.
Notably, the long excited-state lifetimes of molecular triplet
excitons27−31 facilitate effective (bimolecular) upconversion at
modest light intensities.24,28,32−37 In addition, the extended
diffusion lengths of triplet excitons within organic films27−30

permit the design of solid-state devices at feasible scales.32,33

There is significant demand for practically deployable solid-
state TUC architectures to serve as inverse scintillators that
sensitize photovoltaic devices or focal-plane arrays to sub-
bandgap light, and a variety of strategies are being ex-
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plored.23,32−34,38,39 Here, large-area 2D TMDs offer compel-
ling advantages as triplet sensitizers, as they combine strong
monolayer optical absorption,40 spin-mixed band-edge states
that minimize energy loss during triplet sensitization,41 and
Angstrom-scale physical proximity to molecular layers enabling
fast energy transfer.42

This study highlights the emergent behaviors that can be
engineered by interfacing molecular materials with long-lived
triplet excitons with 2D atomic crystals and suggests that
related architectures may have a transformative impact in
photovoltaics, photodetection, sensing, and optical information
processing.
To identify emergent properties in a 2D WSe2-organic

heterostructure (Figure 1a), we began by growing large-area
films of monolayer 2D WSe2 crystals (Figure 1a) via chemical
vapor deposition (CVD; for methods see Supporting
Information). Bright field optical microscopy (OM) images
of these CVD grown samples reveal a uniform coverage of the
SiO2/Si substrate with crystals having edge lengths up to 100
μm (Figures 1b and S1). Raman spectra (Figure 1b) show
clear E′ and A1′ resonances at 249 and 261 cm−1, respectively,
that are consistent with those reported for monolayer WSe2 of
high crystallinity.43 The extent of monolayer growth over the
substrate area is discussed in more detail later in this section.
To complete the fabrication of our heterostructure, we

deposited 60 nm of rubrene:DBP (rubrene doped with 1%
dibenzotetraphenylperiflanthene, DBP)44 directly onto se-
lected regions of the as-grown 2D WSe2 monolayers through
an evaporation mask (Figure 1a). AFM scans of the deposited
rubrene:DBP layer (Figures 1c and S2) do not exhibit
signatures of ordering on length scales greater than our AFM

lateral resolution of 10 nm. The surface is smooth, with no
crystal grains apparent through ordered height variations or
terraces. This result is consistent with other reports of room-
temperature high-vacuum rubrene deposition38−40 but is
contrary to observations of crystalline pentacene formation
on the surface of CVD-grown MoS2 crystals.

17 We observe the
same rubrene film morphology over the SiO2 substrate as over
the 2D WSe2 crystals, suggesting that rubrene molecular
packing was not altered over the atomically smooth surface of
the 2D TMD crystals under these deposition conditions.41

Finally, optical microscopy images surveying larger regions of
the sample reveal no discernible breaks or defects in the
rubrene:DBP layer covering the 2D WSe2 crystals (Figures 1d
and S3). We note that this ∼1 cm2-area WSe2 | rubrene
heterostructure has been prepared using industrially relevant
CVD and thermal evaporation tools.
We next assessed the steady-state spectral features of the 2D

WSe2 | rubrene heterostructure. We first separately examined
the constituents of the heterostructure. Photoluminescence
(PL) from our 2D WSe2 flakes is narrow (115 meV), centered
at λ = 775 nm (Figure 1e), and consistent with excitation of
the A exciton resonance45 of the same wavelength in CVD-
grown 2D WSe2. Emission from the rubrene:DBP film is
dominated by DBP with three peaks centered at λ = 612, 675,
and 725 nm that can be ascribed to the (0 → 0), (0 → 1), and
(0 → 2) vibronic transitions reported at the similar
wavelengths, respectively.31,32 Although there are subtle
differences between rubrene:DBP emission from solution-cast
versus evaporated films,46 the emission from our films is
consistent with that from isolated DBP in solution, which is to
be expected given that the DBP concentration in our

Figure 1. (a) Schematic (not to scale) of the monolayer 2D WSe2 | rubrene heterostructure and chemical structures of rubrene and
dibenzotetraphenylperiflanthene (DBP). (b) Raman spectrum of as-grown WSe2. Inset: optical microscopy image of WSe2 crystals grown atop a
200 nm SiO2 on Si substrate; scalebar: 200 μm. (c) AFM map of a region of the sample showing uniform coverage of a 2D WSe2 crystal and the
adjacent bare SiO2 substrate by rubrene; scalebar: 500 nm. (d) Optical microscope image (true-color) of the edge of the heterostructure. The dark
purple region corresponds to the heterostructure (2D WSe2 crystals covered by 60 nm rubrene:DBP), the red/orange region corresponds to the
edge of the heterostructure which has a graded thickness of rubrene due to shadowing from the evaporation mask, and the uppermost region
corresponds to the bare substrate with 2D WSe2 crystals. The colored circles indicate the points from which the PL spectra shown in ‘e’ were
recorded; scalebar: 100 μm. (e) PL spectra collected from the regions highlighted in ‘d’ for an excitation wavelength of 514 nm. The selected
regions reveal emission from 2D WSe2 (blue), rubrene:DBP (orange), and the 2D WSe2 | rubrene heterostructure (purple).
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evaporated films is only 1%.47 PL from the heterostructure
(λexc = 514 nm) reflects a linear combination of the
characteristic emission features of each component and is
expected based on the steady-state absorption spectrum of the
same heterostructure (Figure S4) revealing the unaltered WSe2
exciton and rubrene absorbance features at 775 nm and
between 400 and 600 nm, respectively.48 These results suggest
that the room-temperature optical states of the WSe2 and
rubrene:DBP have not been altered during their assembly into
a heterostructure.
To assess the potential of our 2D inorganic−organic

heterostructure in solid-state photon upconversion, we
examined possible coupling between the band edge states of
2D WSe2 crystals and the rubrene triplet excited state. To
capture the salient photodynamics, time-resolved photo-
luminescence (TRPL) data were collected on bare 2D WSe2
crystals and on 2D WSe2 crystals coated with rubrene:DBP
(heterostructures), with λexc = 730 nm chosen to selectively
excite WSe2 (Figure S4). Here we use a large focal area (>100
μm2) to obtain the ensemble properties of the sample, rather
than the sometimes-variable properties of individual hetero-
structures defined by single TMD flakes,36 and to benchmark
our results against other film-scale upconversion devices.24,37

First, we examined the PL decay dynamics of CVD-grown,
monolayer 2D WSe2 (Figure 2a). We found they are fit well by

a biexponential function in the range 350 ps < t < 8 ns which is
chosen to exclude a rapid, initial decay that is obscured by the
IRF (Supporting Information Section 4). The lifetimes
extracted from the fitted PL data are τ1 = 440 ± 5 ps and τ2
= 3.5 ± 0.1 ns and are qualitatively consistent with other
reports of PL decay from both CVD-grown and exfoliated
TMDs, including WSe2.

49 The underlying photophysics of
these TMD materials is complex and sensitive to the
pronounced role of defects that mediate exciton trapping.50−54

Briefly, PL with a lifetime greater than 1 ns is typically
attributed to delayed emission from carriers which were
thermally promoted back to the band edge from shallow trap
states. Meanwhile, shorter PL lifetimes can be attributed to

direct band-edge emission based on studies of monolayer
TMD crystals whose traps have been chemically passivated and
which exhibit rapid monoexponential PL decay kinetics. The
observation that the heterostructure PL dynamics are similar to
those of bare 2D WSe2 beyond 2.5 ns might suggest that some
population of atom/nanoscale interfacial voids in the
heterostructure lead to areas of effectively bare 2D WSe2 or
that the interfacial transfer of excitations associated with
trapped carriers is not effective. The latter possibility contrasts
with hypotheses that triplet transfer from some quantum dot
sensitizers occurs primarily via surface defects.55

Second, we examined the PL dynamics of the WSe2 |
rubrene:DBP heterostructure and observed a significantly
shorter lifetime for the first decay component (τ1 = 350 ± 5
ps) relative to that for bare 2D WSe2, while the second decay
component has marginally longer lifetime (τ2 = 3.8 ± 0.1 ns)
to that measured for bare WSe2. This decrease in τ1 is
consistent with rapid transfer of free excitons from near the
WSe2 band edge directly to rubrene triplet-excited states before
carrier trapping occurs and is in line with previous
demonstrations of solid-state molecular triplet sensitization
by inorganic semiconductors.24,51 Comparing the intrinsic
(bare WSe2) and quenched (heterostructure) PL dynamics, we
calculate (Supporting Information Section 4) a rate constant of
triplet energy transfer (TET) of 5.8 × 108 s−1 (τTET = 1.7 ns).
Since the dynamics at our shortest time scales are obscured by
the instrument response function of the PL measurement
(Figure 2b), we used a steady-state PL quenching method to
calculate the TET efficiency of the heterostructure as 27%
(Figure S5). Given that the thermodynamics for TET are
expected to be strongly exothermic, we attribute this modest
overall triplet sensitization efficiency to reduced transfer from
trap states and/or the presence of the aforementioned
interfacial voids. We also note that time-integration of our
transient data yields a somewhat lower estimate of the TET
efficiency as 18% and suggest that the discrepancy between our
calculated efficiencies may point to the presence of sub-ns
transfer dynamics in the heterostructure. The presence of such
rapid triplet sensitization dynamics would be consistent with
the observations of Maiti et al., who used ultrafast transient
absorption to study TET from ReS2 to tetracene, where they
note a τTET of at most 5 ps.56

To understand the fate of the WSe2 to rubrene exciton
transfer supported by our TET calculations, we examined
steady-state PL spectra collected from the heterostructure.
Under 730 nm excitation, we observe fluorescence from the
DBP dopant at 610 nm (Figure 3a), which is an unequivocal
signature of photon upconversion. We do not observe DBP
emission from neat rubrene:DBP films excited at 730 nm
(Figure S6). Moreover, on a log−log plot, the slope of the data
relating the upconversion emission (λ = 610 nm) to the
incident laser intensity shows a transition from 2 to 1 at
threshold intensity Ith = 110 mW/cm2 (Figure 3b). This
behavior is characteristic of a triplet fusion mechanism, and
prior work has outlined the kinetic competitions reflected by
this crossover point.35 Briefly, at lower laser intensities, the
relatively sparse volumetric population of triplet excitations in
the rubrene layer leaves monomolecular triplet decay processes
dominant. As a result, the triplet concentration scales linearly
with the excitation intensity, and bimolecular triplet fusion
gives the overall quadratic dependence. In contrast, at higher
laser intensities, the steady-state population of rubrene triplet
excitations is sufficiently high such that second-order triplet

Figure 2. (a) Time-resolved photoluminescence from 2D WSe2
crystals (blue circles) and 2D WSe2 | rubrene:DBP heterostructures
(pink diamonds) excited at λ = 730 nm. The cyan and black dashed
lines are biexponential fits of the WSe2 and heterostructure data,
respectively, over the indicated time range. (b) Time-resolved
dynamics from part (a) plotted at earlier times alongside the
instrument response function (IRF, gray squares) to highlight the
time range (350 ps−1.5 ns) over which they most clearly differ.
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fusion becomes dominant and first-order decay processes can
be neglected. In this limit, the triplet concentration varies with
the square root of the excitation intensity such that the
upconverted emission takes on a linear dependence.
Furthermore, it is in this regime of high triplet density that
the upconversion process reaches its maximum quantum
efficiency. Thus, the threshold intensity in steady-state
measurements at which the upconverted emission begins to
scale linearly with the excitation intensity is a key figure-of-
merit.35,36

We measured three separate devices, all of which exhibited
threshold intensities below 500 mW/cm2 (Figure S11),
thereby demonstrating the reproducibility of the hetero-
structures prepared by our entirely gas-phase synthesis
approach. These included a best performer with a threshold

of 110 mW/cm2 (Figure 3b), which is notable given that this
intensity corresponds to 1.1× of the spectrally integrated
AM1.5G solar irradiance (Figure S11 and supporting
discussion). Despite the relatively low absorption cross-section
(<0.1 OD) of the monolayer 2D WSe2 sensitizer, this
threshold value compares to other leading solid-state triplet-
fusion upconversion systems based on inorganic semi-
conductors without photonic enhancement.32,33 Future heter-
ojunction architectures will maximize light absorption in such
material systems to find a path to lower-threshold perform-
ance.
To summarize, our data, which reveal a shortened WSe2

exciton emission lifetime and emission from DBP for 730 nm
excitation, are consistent with TET and triplet fusion giving
rise to upconversion emission within the heterostructure
(Figure 3c). Essentially, excitons at the WSe2 monolayer
band edge are rapidly transferred to the lowest lying spin-
triplet state of rubrene (T1), and triplet fusion yields an excited
state in rubrene that has overall singlet spin. Spin-singlet
rubrene excitations are then transferred via Förster resonant
energy transfer (FRET) to DBP singlets (overcoming the
reverse process of singlet fission, 1S → 2T in rubrene), which
radiatively recombine to yield the upconverted emission.31 We
note that there is an intriguing contemporary discussion as to
the precise nature of the excited state in rubrene following
triplet fusion,31 hence our omission of an explicit label for this
state in Figure 3c.
While our calculated value of kTET implies a mechanism of

direct exciton transfer to rubrene, we cannot exclude the
possibility of single charge carrier transfer. For example, we
note that our characteristic time scale of TET is faster than in
architectures using nanocrystal sensitizers (>10 ns)57 and
closer to the rapid sensitization observed in perovskite-based
devices.58 By employing a 2D TMD monolayer sensitizer
without long-chain alkyl ligands on its surface, we may be
overcoming the inherent tunneling barrier experienced by
passivated colloidal NCs to facilitate Dexter-type exchange-
mediated energy transfer.57,59,60 It is also possible that the
interfacial energy landscape permits a carrier-based, sequential
transfer mechanism, as seen in the ultrafast triplet sensitization
afforded by bulk perovskites.32,57,58 Future studies will further
examine the photophysics of this 2D TMD/organic vdWH.
Finally, we demonstrate upconversion from large area

heterostructures. Adjusting our WSe2 growth conditions
(Supporting Information Section 1) to reduce the nucleation
density and bulk oxide deposition affords a nearly continuous
crystal film, judging from the uniform optical contrast of the
tan-colored regions in Figure 4a. Raman spectra collected at
several points within a large area of this sample reveal
resonances equivalent to those of isolated 2D WSe2
monolayers, while AFM height traces reveal a 1 nm thick
film (Figure 4a−c). These data reinforce that the tan-colored
regions in our bright-field optical images represent the
continuous WSe2 monolayer film. Subsequent analysis of
optical images reveals a typical WSe2 monolayer coverage of 70
± 8% with coverages as high as 84% attainable over nearly 1
mm2 areas (Figures S7 and S8; Supporting Information
Section). Heterostructures made by evaporating rubrene:DBP
over these large-area, continuous films of monolayer WSe2
produce orange-red upconversion emission that is visible to the
naked eye when imaged through a short-pass filter (Figure 4d−
e).

Figure 3. (a) Upconversion emission spectrum (pink) and WSe2
emission spectrum (blue) under continuous-wave λ = 730 nm
excitation. (b) Dependence of upconversion emission on laser
excitation intensity. The slopes (m) of the data taken within the
two decay regimes are identified. (c) Jablonski diagram representing
the thermodynamics of the excitation transfer processes in the
heterostructure.
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In conclusion, we assembled a large area 2D TMD-organic
heterostructure and showed that WSe2 sensitizes triplets in
rubrene, leading to a process of triplet fusion upconversion
with maximum efficiency threshold at excitation intensities as
low as 110 mW/cm2. We fabricated our heterostructures
through entirely gas-phase synthesis and deposition methods,
which afford reproducibility in film morphology not only over
large areas but also over multiple devices. Demonstrating the
scalability and efficiency of our devices, upconversion over
several mm2 areas is visible to the naked eye and occurs at low
threshold intensities. We used TRPL to show that our
heterostructure, wherein the rubrene acceptor is in close
proximity with the 2D crystal monolayer, can facilitate exciton
transfer at rates in excess of those observed in colloidal
nanocrystal architectures. Our work establishes new oppor-
tunities for harnessing multiexciton processes in TMD/organic
vdWHs, especially toward device-scale production of hetero-
structures.
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■ ABBREVIATIONS
TMD: transition metal dichalcogenide
CVD: chemical vapor deposition

Figure 4. (a) Optical image of a film with ∼80% WSe2 monolayer
coverage over an ∼0.4 mm2 area. Inset: Raman spectra collected from
the locations outlined with blue circles. Scale bar: 100 μm. (b) AFM
map collected within the boxed region in part (a). Scale bar: 10 μm.
(c) AFM height trace along the blue line in part (b). (d−e)
Photographs of the heterostructure with the laser (λexc = 730 nm)
edge-coupled to the device and taken without (d) and through (e) a
700 nm short-pass filter. Upconversion emission in part (e) is clearly
visible to the naked eye from the heterostructure.
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PL: photoluminescence
OM: optical microscopy
AFM: atomic force microscopy
TRPL: time-resolved photoluminescence
TUC: triplet fusion upconversion
TET: triplet energy transfer
vdWH: van der Waals heterostructure
DBP: dibenzotetraphenylperiflanthene
Rub: rubrene
2D: two-dimensional
NC: nanocrystal
FRET: Förster resonant energy transfer
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