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Colloidal quantum dots are promising photoactive materials 
that enable plentiful photonic and optoelectronic applications 
ranging from lasers, displays and photodetectors to solar 
cells1–9. However, these applications mainly utilize the linear 
optical properties of quantum dots, and their great potential 
in the broad nonlinear optical regime is still waiting for full 
exploration10–12. Here, we demonstrate that a simple coating 
of a sub-200-nm-thick quantum dot film on two-dimensional 
materials can significantly enhance their nonlinear optical 
responses (second, third and fourth harmonic generation) 
by more than three orders of magnitude. Systematic experi-
mental results indicate that this enhancement is driven by a 
non-trivial mechanism of multiphoton-excitation resonance 
energy transfer, where the quantum dots directly deliver 
their strongly absorbed multiphoton energy to the adjacent 
two-dimensional materials by a remote dipole–dipole cou-
pling. Our findings could expand the applications of quan-
tum dots in many exciting areas beyond linear optics, such as 
nonlinear optical signal processing, multiphoton imaging and 
ultracompact nonlinear optical elements.

Nonlinear optics is a fundamental building block of modern 
optics and lies at the core of many classical and quantum technolo-
gies. The introduction of nonlinear optics into two-dimensional 
(2D) materials provides a powerful tool for the study of novel 
physics in two dimensions13–16 and expands the versatility of nano-
photonic applications, including nonlinear optical modulators, 
frequency combs and nanolasers17–19. Owing to their enhanced 
electronic correlations and large transition dipole matrix ele-
ments, 2D materials express extremely strong optical nonlinearity 
at a normalized atomic thickness (for example, MoS2 has typical 
second-order susceptibility χ(2) of ~10 nm V−1 at ~800 nm excita-
tion, which is three orders of magnitude larger than the β-barium 

borate crystal)20. However, their absolute light–matter interactions 
are actually too weak (for example, MoS2 has a second harmonic 
conversion efficiency of only ~10−7 at 10 GW cm−2 laser pump) to 
perform any practical application, and is mainly due to the reduced 
interaction length and lack of phase matching. Previously, much 
effort has been devoted to enhancing the optical nonlinearity of 2D 
materials through exploitation of the electric field, doping or strain, 
but improvements have typically been limited to an enhancement of 
only tenfold at most21–25. Plasmonic nanocavities, waveguides and 
metamaterials hold promise for optical nonlinearity enhancement 
of several orders of magnitude26–29, while the local hot spot of the 
electric field sacrifices the spatial homogeneity in a large area.

One plausible way to obtain homogeneous enhancement of opti-
cal responses in 2D systems is the massive transfer of energy from 
an adjacent photoactive medium30–32. Having excellent optical prop-
erties such as ultrahigh absorption, near-unity photoluminescence 
(PL) quantum yield and nanosecond-scale long-lived photocar-
rier lifetimes, quantum dots (QDs) are considered to be promising 
photon-energy-storage materials and have been successfully used 
in the linear optical regime for light detection, harvesting and emit-
ting. Whilst realizing giant enhancement of the nonlinear optical 
response in two dimensions by energy transfer, QDs have the poten-
tial advantage of serving as a photoactive medium. (1) QDs have a 
strong multiphoton nonlinear absorption but have silent frequency 
harmonic responses, which makes them ideal candidates for mul-
tiphoton energy storage11. (2) Driven by long-range dipole–dipole 
electromagnetic interactions instead of interlayer electronic cou-
pling only, in principle these stored energies in QDs can transfer 
remotely, rapidly and efficiently to the adjacent materials33–37. (3) 
The selection rules for photoexcited-energy transfer are believed 
to be weakened in QDs due to the relaxed momentum matching 
at zero dimensions (0D)38. Nevertheless, a giant nonlinear optical 
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response enhancement in two dimensions with the assistance of 
energy transfer from QDs has not yet been realized. Here, we dem-
onstrate that a simple coating of sub-200-nm-thick QD films on 2D 
systems, that is, atomic-layered graphene, molybdenum disulfide 
(MoS2), hexagonal boron nitride (hBN) and 4-dimethylamino-
4′-nitrostilbene (DANS) molecular films, can significantly enhance 
their nonlinear optical responses (second, third and fourth har-
monic generation) by up to three orders of magnitude, through a 
unique mechanism of multiphoton-excitation resonance energy 
transfer by a high-efficiency remote dipole–dipole coupling.

In our experiments, the hybrid QD/MoS2 was fabricated by 
spin coating of CdSe/ZnS QDs on a MoS2 monolayer (Fig. 1a; see 
Methods for fabrication details). Under excitation at frequency ω, 
the second-order susceptibility χ2ω gives nonlinear polarization 
p2ω

= ε0χ2ωEωEω, where ε0 is the permittivity of free space and 
Eω is the incident electric field. Here under 820 nm femtosecond 
pulse-laser excitation, the MoS2 monolayer presents a sharp peak at 
410 nm as expected for its second harmonic generation (SHG; Fig. 
1b). This SHG intensity in MoS2 is quite weak with a conversion effi-
ciency of only ~4 × 10−7 (under a fundamental pump peak intensity 
of 20 GW cm−2). However, after coating with a QD film (the thick-
ness of ~150 nm is used for all the MoS2 experiments unless other-
wise specified), the SHG in the hybrid is dramatically enhanced to a 
conversion efficiency of up to ~6 × 10−4, with ~1,500 times enhance-
ment compared with pristine MoS2. Since pristine QD films have no 
observable SHG signal (Fig. 1b) under our experimental conditions, 
the strong SHG response in the hybrid can only be attributed to the 
enhanced SHG of MoS2 with the adjacent QDs. This conclusion can 
also be directly drawn from the polarization-dependent SHG mea-
surements, where characteristic six-fold anisotropic patterns with 
the same direction are observed in MoS2 before and after coating 
with the QDs (Fig. 1c). As the SHG represents the conversion of two 
photons into one photon, a square dependence of the SHG intensity 
on the excitation power is observed in both MoS2 and the QD/MoS2 
hybrid (Fig. 1d). In striking contrast with the enhancement at only 
local hot spots in plasmon- or cavity-related techniques, QDs can 
efficiently boost the SHG of the whole MoS2 area (Fig. 1e).

The magnitude of the SHG enhancement can be tuned by the 
thickness of the QD film (Supplementary Fig. 1), where a thicker 
film leads to a larger enhancement, and a saturation trend is 
observed when the thickness reaches ~100 nm. Interestingly, the 
SHG enhancement can also be tuned by the interaction distance 
between the QD and MoS2. Here a SiO2 spacer layer was inserted 
between the QD and MoS2 by sequentially depositing a SiO2 layer 
on the MoS2 monolayer and then coating with the QD film (Fig. 
2a). After the first step of SiO2 deposition without the QD coating, 
the SHG intensity of MoS2 was hardly changed (Supplementary Fig. 
2). However, after coating with the QDs, the SHG was enhanced 
by ~170 times (Fig. 2b) even under interaction distance R = 14 nm 
(R contains the thickness of the SiO2 layer and the radius of the 
ZnS/CdSe with an oleic acid ligand as shown in Fig. 2a). We fur-
ther systematically monitored the SHG enhancement by tuning the 
SiO2 thickness and observed that increasing the interaction distance 
quickly weakened the SHG enhancement with a fitted power coef-
ficient of −2.3 (Fig. 2c). When R reaches ~50 nm, hardly any of the 
strong SHG enhancement can be observed.

Previously, two prevailing scenarios had been proposed to 
understand the SHG enhancement in 2D materials, that is interfa-
cial effects and local-field enhancement. Interfacial effects include 
charge transfer and symmetry breaking at the interface. Since our 
enhancement is feasible with the inserted SiO2 layer, the interfacial 
effect can be first excluded. To verify whether the local-field effect 
is the origin of such a large SHG enhancement in MoS2, we care-
fully calculated the SHG response by considering the optical field 
enhancement of both incident and emitted light (Supplementary 
Fig. 3). It turns out that the local-field effect only induces a fewfold 
SHG enhancement with the QD layer coating. We also monitored 
the two-photon absorption-induced photoluminescence (TPPL) 
of MoS2 (its intensity is proportional to the fourth power of the 
local field, the same as for SHG) and observed only a several-times 
enhancement with the QD coating (Supplementary Fig. 4). We 
are thus confident to exclude the local-field enhancement as well. 
Therefore, there must be another mechanism that leads to the giant 
non-local SHG enhancement in MoS2 by QD coating.
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Fig. 1 | MoS2 monolayer SHG enhancement with QD coating. a, Side-view illustration of the QD/MoS2 hybrid structure and its optical SHG. b, SHG 
spectra of MoS2 and QD/MoS2 under 820 nm pulsed-laser excitation. With a QD coating, the weak SHG of MoS2 can be boosted by ~1,500 times in the 
hybrid. For comparison, no apparent SHG signal can be observed for the pristine QDs. c, Polarization-dependent SHG patterns measured on a MoS2 
monolayer (dark yellow) and its QD hybrid (orange). d, Excitation power dependence of the SHG peak intensity for MoS2 (dark yellow) and the QD/MoS2 
hybrid (orange), where both curves show the expected quadratic law. e, Spatial SHG intensity mapping images of a MoS2 monolayer before (lower) and 
after (upper) QD coating.
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To gain a deeper insight into the mechanism, we applied 
wavelength-dependent two-photon excitation measurements. 
Figure 3a shows the reflective spectra containing the SHG and the 
TPPL of the MoS2 monolayer, the QD film and their hybrid under 
820 nm pulsed-laser excitation. These spectra feature sharp peaks 
at 410 nm and broader peaks at 620 nm, corresponding to the SHG 
signal from MoS2 and the TPPL signal from the QDs, respectively. 
As expected, the large two-photon absorption cross-section and the 
high PL quantum efficiency give the QDs a high TPPL conversion 
efficiency of up to ~2 × 10−3 (fundamental pump peak intensity of 
20 GW cm−2). Here we note that no detectable TPPL from pristine 
MoS2 can be observed under the same conditions. After QD coating, 

the SHG of MoS2 in the hybrid is enhanced by three orders of mag-
nitude. Meanwhile, the TPPL of the QDs in the hybrid is quenched 
to around one-tenth of the pristine QD film. To understand the rela-
tionship between SHG enhancement and TPPL quenching (defined 
as the TPPL intensity in QD/MoS2 compared with that in the pris-
tine QDs), we tested approximately 40 hybrid samples and found 
that the stronger SHG in MoS2 is always accompanied by weaker 
TPPL in the QDs (Fig. 3b). This observation is also consistent with 
the interaction-distance-dependent TPPL of the QDs in the QD/
SiO2/MoS2 hybrid system, where the insertion of the SiO2 spacer 
layer weakens the SHG enhancement and increases the TPPL inten-
sity at the same time (Supplementary Fig. 5).
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In the wavelength-dependent two-photon excitation experi-
ments with excitation wavelength tuned from 925 to 770 nm, the 
TPPL intensity of the QDs shows a continuous increase and a 
shoulder is seen at around 820 nm (Fig. 3c). This shoulder is attrib-
uted to deep-band states obeying the selection rule of two-photon 
absorption and hints at the strong oscillator strength. By coinci-
dence, the SHG enhancement in the hybrid also shows a peak at 
~820 nm (Fig. 3d). Further controlled experiments using the QD/
WS2 hybrid show that the SHG enhancement of WS2 presents a peak 
at ~820 nm as well (Supplementary Fig. 6), although the shape of 
the wavelength-dependent SHG spectrum of WS2 is different from 
that of MoS2. Therefore, the peak in Fig. 3d must stem from the 
properties of the QDs rather than from the 2D materials. We can 
safely conclude that the enhancement of the SHG in MoS2 is directly 
correlated to the strong two-photon absorption and the associated 
TPPL quenching in the QDs.

Based on all of the above experiments, here we propose a  
mechanism for multiphoton-excitation resonance energy trans-
fer to understand the greatly enhanced SHG in MoS2 by the 
QD coating, where the second harmonic response dipole in  
MoS2 directly gains energy from the two-photon absorp-
tion dipole with a strong oscillator strength in the QDs by a 
high-efficiency remote Coulombic coupling (Fig. 3e)30. Generally, 
the energy-transfer rate kET is determined by two terms, the energy 

overlap 
∫

∞

0 dεJ(ε) and the Coulombic coupling strength VCoul
coupling, 

which can be described as

kET =

2π

h̄

∣∣∣VCoul
coupling

∣∣∣
2 ∞

∫
0
dεJ(ε), (1)

VCoul
coupling =

e2
4πε0

∫
PD (r1) PA (r2)

|r1 − r2|
dr1dr2. (2)

Here, the energy overlap is expressed as an overlap between the 
donor emission spectrum fD(ε) and the acceptor absorption spec-
trum fA(ε), each of which has been normalized to the unit area on 
energy scale, as J(ε) = fD(ε)fA(ε). The Coulombic coupling strength 
VCoul
coupling is determined by quantum mechanical oscillator transition 

densities of the donor polarization PD(r1) and acceptor polarization 
PA(r2). Therefore, adapting the donor and acceptor materials for a 
large energy overlap and engineering the coupling strength are two 
main strategies for obtaining efficient energy transfer.

For traditional linear-excitation energy transfer, such as in fluo-
rescence resonance energy transfer, the donor emission spectrum 
only overlaps with the side bands of the acceptor absorption spec-
trum, resulting in relatively small values of energy overlap J(ε). 
But here for the multiphoton-excitation resonance energy trans-
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fer, the two-photon absorption spectrum in the QDs and the SHG 
of MoS2 have nearly perfect overlap, guaranteeing the near-unity ∫

∞

0 dεJ(ε) (Supplementary Fig. 7). Meanwhile, the QDs are an 
ideal photoexcited-energy-storage material with generally strong 
two-photon absorption. Especially under resonant excitation of 
those deep-band states10, the strong dipole oscillator strength in 
the QDs gives massive stored energy and strong Coulombic cou-
pling with the adjacent MoS2. These two unique factors of the 
QDs together contribute to the high-efficiency energy transfer 

(η = 1− TPPL2D−QD
TPPLQD = 95% under QD TPPL quenching of ~0.05) 

and hence can strengthen the second harmonic response of MoS2 by 
up to ~1,500 times. Under this model, the effective coupling radius 
R0, where the energy-transfer efficiency drops to 50%, is given as 
~17 nm. It is worth noting that the energy-transfer rate should scale 
as R−4 for a perfect 0D–2D dipole–dipole interaction system from 
previous calculations35. However, in our experiments, the QDs have 
a finite size of ~10 nm and form a film structure (~sub-200 nm 
thickness). This might explain why our data show the salient feature 
of R−2.3-dependent energy transfer39.

Under multiphoton resonant excitation of the deep-band states 
with the strong oscillator strength in the QDs, our enhancement 
mechanism is expected to be quite universal for different nonlinear 
harmonic orders and various 2D forms, as the nonlinear high-order 
absorption in the QDs and the same order harmonic generation in 
the 2D materials are always of the same wavelength and have nearly 
perfect spectral overlap. For example, under 1,350 nm excitation, the 
resonant three-photon absorption in the QDs and third harmonic 
generation (THG) in graphene both happen at 450 nm, resulting in 
the strong THG enhancement in conducting graphene after QD coat-
ing (Fig. 4a), via a three-photon-excitation energy-transfer process 
(inset of Fig. 4a). Moreover, the high enhancement is observed in the 
fourth harmonic generation (FHG) at 390 nm in QD/MoS2 under 
excitation at 1,560 nm (Fig. 4b). In addition, by coating QDs on insu-
lating hBN (Fig. 4c) or organic DANS (Fig. 4d) thin molecular films, 
the SHG signal can also be enhanced, indicating that QD coating is 
a universal method for enhancing the nonlinear optical responses of 
different 2D materials. We notice that the absolute enhancement fac-
tor varies in different nonlinear orders and 2D systems, and currently 
we do not have a quantitative understanding of this difference. In the 
near future, more theoretical exploration of the excited dynamics 
should be carried out and may provide more in-depth information 
on the multiphoton-excitation resonance energy transfer40.

In summary, we demonstrated a universal route for spa-
tially homogeneous and giant enhancement of the nonlin-
ear optical responses of 2D systems by high-efficiency remote 
multiphoton-excitation resonance energy transfer from adjacent 
QDs. The greatly enhanced nonlinear light–matter interactions in 
2D materials, together with their facile compatibility with current 
microfabrication technology, should open up exciting opportunities 
in the design of optoelectronic and nanophotonic devices.
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Methods
Synthesis of CdSe/ZnS core/shell colloidal quantum dots. A mixture of selenium 
(0.158 g, 2 mmol), octadecylamine (1.62 g, 6 mmol) and 1-octadecene (90% 20 ml) 
was heated to 120 °C for 30 min, and then to 220 °C for 4 h to prepare the selenium 
precursor. A mixture of ZnO (0.326 g, 4 mmol), oleic acid (5.64 g, 16 mmol) and 
1-octadecene (13.7 ml) was heated to 310 °C to prepare the zinc solution precursor. 
CdO (0.0154 g, 0.12 mmol), stearic acid (0.36 mmol) and 1-octadecene were mixed 
and heated to 280 °C under nitrogen flow. Then the prepared selenium precursor 
(2 ml) was injected. When the colour had turned dark red, the mixture was cooled 
to room temperature and the CdSe nanocrystals were prepared. The as-prepared 
CdSe nanocrystals were first purified by repeated precipitation with methanol 
several times and then dispersed in hexanes. 1-Octadecene (3 ml), octadecylamine 
(1 g) and the purified CdSe core in hexanes were mixed at 100 °C under nitrogen 
flow for 20 min to remove the hexanes. Subsequently, the solution was heated to 
~180–280 °C for growth of the shells. The linear absorption and PL spectra of the 
CdSe/ZnS QDs with a band gap of 620 nm used in our experiments are shown in 
Supplementary Fig. 8.

Fabrication of quantum dot hybrid. A triangular-shaped MoS2 monolayer was 
grown on a SiO2/Si substrate via a chemical vapour deposition process using 
MoO3 and sulfur powder as the precursors at atmospheric pressure. Then a hBN 
monolayer was grown on copper foil and transferred to the SiO2/Si substrate. 
A graphene monolayer was exfoliated on fused silica. The DANS molecule was 
spin coated on the SiO2/Si substrate. Then the CdSe/ZnS core/shell QD film was 
deposited on MoS2, hBN, graphene or DANS by spin coating. The thickness of the 
QD film on each 2D material can be controlled by the QD solution concentration 
and the spin-coating conditions. For different 2D materials, the QD coating 
thicknesses can be different.

Harmonic generation measurements. Two systems were alternatively used in our 
harmonic generation measurement. Wavelength-dependent SHG was excited using 
a Spectra-Physics Mai Tai oscillator (~100 fs, 80 MHz, 690–1,050 nm). THG and 
FHG were excited using a Coherent Vitara-T oscillator and an optical parametric 
amplifier 9850 laser system (∼70 fs, 250 kHz, 1,200–1,600 nm). The excitation 
laser was focused using a Nikon objective (×60, NA = 0.65) and the harmonic 
generation signal was collected by the same objective in reflection mode. After 
filtering out the excitation laser, the harmonic generation signal was recorded using 
a Princeton SP2500 spectrometer equipped with a nitrogen-cooled silicon charge 
coupled device camera. For the polarization-dependent SHG pattern, we recorded 
the SHG with polarization parallel to that of the excitation laser. The experimental 

scheme is shown in our previous work23. All our experiments were carried out at 
room temperature.
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