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As an elementary process of light-matter interaction in solids, upconversion photolumines-

cence has been extensively studied in rare-earth-doped materials and found applications in

biological imaging, infrared light detection, and laser cooling. More recently, it has been

shown that upconversion photoluminescence can be achieved in two-dimensional semicon-

ductors by utilizing the strong coupling between charge carriers. Here we show that the in-

terlayer charge transfer, which has been widely observed in van der Waals heterostructures,

can be utilized for upconversion photoluminescence. Using a MoSe2/WS2/MoS2 trilayer

as an example, we show that by exciting the MoSe2 and MoS2 layers with a low-energy

670-nm laser beam, photoluminescence of 620 nm can be obtained. The upconversion pho-

toluminescence originates from the transfer of electrons and holes from MoSe2 and MoS2,

respectively, to the middle WS2 layer, where they recombine. The results illustrate an un-

explored physical mechanism for upconversion photoluminescence in solids and introduce

van der Waals heterostructures as materials to achieve upconversion photoluminescence.
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In a photoluminescence (PL) process, excitation photons produce photocarriers in forms of free

electron-hole pairs or excitons. Typically, these photocarriers lose part of their energy to lattice

or defects before their radiative recombination. As a result, the emitted photons have less energy

than the excitation photons and the PL processes are known as Stokes processes. In some special

situations, however, the photocarriers can gain energy and thus emit more energetic photons when

they recombine. This anti-Stokes process is known as upconversion PL. Previously, upconversion

PL has been mostly observed and studied in rare-earth-doped materials with the upconversion

achieved via different energy levels of the rare-earth atoms1–6. Such materials can be utilized

in biological imaging7–10, infrared detection11–15, optical refrigeration16–18, force sensors19, and

photovoltaics20.

The recently discovered two-dimensional (2D) materials, such as transition metal dichalco-

genides (TMDs), provide another platform to explore upconversion PL. The reduced dielectric

screening in such materials results in significantly enhanced Coulomb interaction between charge

carriers, which enables formation of stable multicarrier complexes such as excitons, trions, and

biexcitons. These quasiparticles with well-resolved inner electronic structures offer new physics

mechanisms for upconversion PL. For example, upconversion from trion and exciton states has

been observed in WSe2
21 and WS2 monolayers22. In MoSe2 monolayers embedded in photonic

microstructures, conversion from the lower to upper polariton-trion states resulted in upconver-

sion PL23. Conversion from the lower-energy A-exciton states to the higher energy B-excitons

states can offer upconversion PL with an energy of several hundreds of millielectrovolts24. Fur-

thermore, the upconversion PL spectroscopy has been used to study excited states in TMDs25. In

addition, there have been reports on upconversion PL from other 2D-related structures, such as

defects in BN26 and graphene quantum dots27–29.

Here we report observation of upconversion PL in a 2D van der Waals heterostructure based

on charge transfer. Using a MoSe2/WS2/MoS2 trilayer as an example, we show that by properly

designing the band alignment, it is possible to excite the layers with narrower bandgaps by low-

energy photons and steer the excited carriers to the wider-gap layer, where they emit photons

with an energy higher than the excitation energy. Our results introduce an unexplored mechanism

for upconversion PL in solids and illustrate the potential of van der Waals heterostructures for

upconversion PL applications.

We designed a trilayer van der Waals heterostructure where a wide-gap monolayer WS2 is sand-

wiched by two monolayers with narrower bandgaps, MoSe2 and MoS2. Figure 1 shows the band
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FIG. 1. The mechanism of upconversion photoluminescence in the van der Waals trilayer of

MoSe2/WS2/MoS2. Electrons (e) and holes (h) are excited in MoSe2 and MoS2 by low-energy photons.

Due to the ladders band alignment in both the conduction and the valence bands, electrons in MoSe2 and

holes in MoS2 transfer to WS2, where they recombine and emit photons with an energy equals to the optical

bandgap of WS2 that is larger than the excitation photons.

alignment of this trilayer, where the upper and lower boxes represent the conduction and valence

bands of these monolayers, respectively. The numbers indicate the energy of the conduction band

minimum and valence band maximum with respect to the vacuum level, according to theoretical

results30. The key elements of this design is that both the conduction and the valence bands of

the three monolayers form a ladder structure and that the middle layer has the largest bandgap.

When the sample is excited by photons (red vertical arrows) with an energy smaller than the WS2

bandgap but larger than that of MoSe2 and MoS2, electrons (e) and holes (h) are excited in the

left and right layers, as shown in Figure 1. The band alignment dictates that electrons will trans-

fer from MoSe2 to WS2 and then MoS2, while holes transfer from MoS2 to WS2 and then MoSe2.

This makes it possible for some of the electrons and holes to meet in WS2 and recombine, emitting

photons (blue vertical arrow) with an energy equals to the WS2 bandgap, and thus is higher than

the excitation photon energy.

Figure 2(a) shows an optical microscopic image of the sample, which was fabricated by a me-

chanical exfoliation and dry transfer technique31. We first obtained monolayer flakes of MoSe2,

WS2 and MoS2 on polydimethylsiloxane (PDMS) substrates. Their monolayer thickness was iden-
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FIG. 2. (a) Optical microscopic image of the trilayer sample and a individual WS2 monolayer. (b) Raman

spectrum of the trilayer under 532-nm excitation. Raman peaks corresponding to each material are labeled

in the figure. (c) Photoluminescence spectrum and the trilayer (solid black curve) and the WS2 monolayer

(dashed purple curve) under the same excitation condition of 532-nm and 0.4 mW.

tified by their optical contrasts31. The MoSe2 flake was then transferred to a silicon substrate cov-

ered by a 90 nm thermal SiO2 layer and was annealed for 2 h at 200◦C in a H2/Ar (10 sccm /100

sccm) environment with a pressure of 2 Torr. Next, the WS2 flake was transferred onto the MoSe2

flake, followed by the same annealing procedure. Last, the MoS2 flake was transferred onto the

MoSe2/WS2 bilayer region, followed again by the annealing procedure under the same conditions.

A separate WS2 monolayer was also transferred near the trilayer to facilitate their comparison.

The sample was characterized by Raman and standard PL spectroscopic measurements. Figure

2(b) shows a Raman spectrum of the trilayer obtained by using a confocal Raman system, Horiba

LabRAM HR Evolution, with a spectral resolution of 3 cm−1. The excitation source is a 532-nm

laser with an incident power of 0.4 mW. The Raman peaks correspond to each layer are labeled

in the figure. The 242-cm−1 peak is in excellent agreement with previous Raman measurements

of monolayer MoSe2
32. For WS2, the observed peaks at 355 and 420 cm−1 are consistent with

previously reported results33. Finally, the Raman peaks at 387 and 405 cm−1 with a separation

of 18 cm−1 agree well with results from monolayer MoS2
34. These results further confirm the

monolayer thickness of the three materials and their high quality after the transfer and annealing.

Using the same spectrometer, we obtained the PL spectra of the trilayer and the WS2 monolayer

under the same excitation conditions, as shown in Figure 2(c). Peaks corresponding to the three

materials are identified, as labeled in the figure. The peak from WS2 is about 50 times weaker than

the individual WS2 monolayer. Such a PL quenching is a signature of efficient electron transfer

between the atomic layers, which confirms the high interface quality of the sample35–39.
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The upconversion PL spectroscopic measurements were performed with a homemade micro-

PL system based on a Horiba iHR550 imaging spectrometer equipped with a thermoelectrically

cooled charge-coupled device camera. Two diode lasers with wavelengths of 670 and 785 nm

are combined by a beamsplitter and are co-focused to the sample through a microscope objective

lens. An imaging system was constructed to observe the sample and to locate the laser spot on the

desired regions of the sample. The PL was collected in the reflection geometry.

Figure 3 summarizes a set of measurements that establish the upconversion PL of the trilayer.

First, the black squares show the PL spectrum from the MoSe2/WS2/MoS2 trilayer under the ex-

citation of the 670-nm beam with a power of 10 µW, with the 785-nm beam blocked. The PL

observed at 620 nm is about 50 nm shorter than the excitation wavelength. The 670-nm beam is

tuned to the optical bandgap of MoS2 but is also capable of exciting MoSe2, which has an optical

bandgap of 785 nm. Hence, both MoS2 and MoSe2 layers are excited, as illustrated in Figure 1.

The PL energy of 620-nm indicates that it is from recombination of excitons in WS2. Since the

WS2 layer is not excited, the excitons in WS2 are formed by electrons from MoSe2 and holes from

MoS2, as schematically shown as the horizontal arrows in Figure 1. The rather low PL counts

could be attributed to the fact that WS2 is an intermediate step of the ultrafast charge transfer pro-

cess, and hence is only populated for an ultrashort period of time. For comparison, when the WS2

layer of the trilayer sample was directly excited by a 405 nm laser beam, we observed a PL yield
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FIG. 3. Upconversion photoluminescence of MoSe2/WS2/MoS2 trilayer under the excitation of 10 µW of

670 nm (black squares), of 10 µW of 785 nm (red circles), and of both the 10 µW of 670 nm and the 10 µW

of 785 nm (blue triangles), as well as that of monolayer WS2 excited by both beams.
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that is about two orders of magnitude higher than the upconversion PL process.

To confirm this interpretation, we repeated the measurement by exciting the sample with 10

µW of 785-nm beam, with the 670-nm beam blocked. The red circles in Figure 3 show that no

PL was detected. Since the 785-nm beam only excites MoSe2, no holes are supplied to WS2,

and hence no exciton formation. We next used both beams to excite the sample together. The

PL (blue triangles in Figure 3) is slightly increased from that excited by the 670-nm beam only.

Finally, we move the WS2 monolayer to the excitation region. Even with both beams present, no

PL was detectable, as shown by the purple diamonds in Figure 3. The lack of signal from the

individual WS2 monolayer shows unambiguously the key role played by the other two layers, and

thus strongly support our interpretation. This also rules out the possibility that the WS2 layer were

directly excited by, for example two-photon absorption of each beam or nondegenerate two-photon

absorption of the two beams. If these direct-excitation processes were the origin, the PL of the

individual WS2 monolayer would have been about 50 times stronger than the trilayer, based on

Figure 2(c).
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FIG. 4. Power dependence of the upconversion photoluminescence. (a) Photoluminescence spectra of

the MoSe2/WS2/MoS2 trilayer with a 785-nm excitation beam of 10 µW and 670-nm beams with various

powers as labeled. (b) Same as (a) but with the 785-nm power changes and the 670-nm power fixed at

10 µW. (c) Peak photoluminescence of the trilayer as a function of either the 670-nm (red squares) or the

785-nm power (blue circles) obtained from (a) and (b).

We also studied the power dependence of the upconversion PL, as summarized in Figure 4.

At first, we fixed the power of the 785-nm beam at 10 µW and measure the PL spectra from the

trilayer with various powers of the 670-nm beam. As shown in Figure 4(a), the upconversion PL

increases with the 670-nm power. The red squares in Figure 4(c) show that the peak PL intensity

increase nearly linearly with the 670-nm power. This feature is consistent with the mechanism
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of the upconversion PL illustrated in Figure 1: Since the injected carrier densities in the MoSe2

and MoS2 layers are both proportional to the power, the additional carriers injected with a higher

excitation power all participate the upconversion PL process. Next, we fixed the 670-nm power

and studied how does the PL evolve with the power of the 785-nm beam. As shown in Figure

4(b) and the blue circles in Figure 4(c), the PL only sligntly increases at low powers, and becomes

nearly independent of the 785-nm power above 10 µW. This feature can be attributed to the fact

that the 785-nm beam only excites the MoSe2 layer. Although the excited electrons can transfer to

WS2, holes stay in MoSe2 and cannot contribute to the upconversion PL.

Recently, upconversion PL has been observed in TMD monolayers via higher-energy excitonic

states, such as the B-exciton states and the excited states of A excitons of MoS2
21–25. To rule out

potential contributions from these states, some of which have similar energies of the A-excitons

in WS2
40, to the observed PL, we measured the region of MoS2 monolayer under the excitation

of 10 µW of 670 and 785 nm. As shown by the gray squares in Figure 5, no PL was detected.

If the upconversion PL observed from the trilayer (blue triangles) were from the excited states

of MoS2, the PL intensity from MoS2 monolayer would have been much higher than the trilayer

due to the lack of charge-transfer-induced quenching. Similar measurement performed on the

MoS2/WS2 bilayer region also produced no signal (orange circles in Figure 5). Furthermore, we
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FIG. 5. Upconversion PL of MoSe2/WS2/MoS2 trilayer (blue triangles, replotted from Figure 3), MoS2

monolayer (gray squares), and MoS2/WS2 bilayer (orange circles) under the same excitation of 10 µW of

670 nm and 10 µW of 785 nm. The PL of WS2 monolayer under 532-nm excitation is reploted from Figure

2 and decomposed to two peaks (blue and purple curves) for comparison.

7



decompose the PL spectrum of the WS2 monolayer (black curve in Figure 5) to the sum of two

components (red curve). The low-energy peak (purple curve) is due to the trion recombination, as

previously identified41. The high-energy peak (blue curve) is from the A-excitons in WS2. The

close similarity of the trilayer PL peak with this peak further confirms that the former is due to the

A-excitons in the WS2 layer, instead of excited excitonic states in MoS2. The small separation of

the two peak is due to the different dielectric environments42 of the two WS2 layers.

In summary, we have presented experimental evidence on an upconversion PL process in a van

der Waals trilayer of MoSe2/WS2/MoS2. By exciting the MoSe2 and MoS2 layers with a 670-nm

beam, PL of 620 nm was observed. The upconversion PL was attributed to transfer of electrons

and holes from MoSe2 and MoS2, respectively, to the middle WS2 layer, where they recombine.

This observation illustrates a charge-transfer-enabled physical mechanism for upconversion PL in

solids, and introduces the 2D heterostructures to potential applications based on upconversion PL.
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