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Improving the emission performance of colloidal quantum dots (QDs) is of paramount importance for their applications on light-emitting diodes (LEDs), displays and lasers. A highly promising approach is to tune the carrier recombination
channels and lifetime by exploiting the energy transfer process. However, to achieve this precise emission optimization,
quantitative modulation on energy transfer efficiency is highly desirable but still challenging. Here, we demonstrate a convenient approach to realize tunable energy transfer efficiency by forming QDs mixture with controllable donor/acceptor
(D/A) ratio. With the mixing ratio ranging from 16/1 to 1/16, the energy transfer efficiency could be effectively tuned from
near zero to ∼ 70%. For the high mixing ratio of 16/1, acceptors obtain adequate energy supplied by closely surrounding
donors, leading to ∼ 2.4-fold PL enhancement. While for the low mixing ratio, the ultrafast and efficient energy extraction
process directly suppresses the multi-exciton and Auger recombination in the donor, bringing about a higher threshold. The
facile modulation of emission performance by controllably designed mixing ratio and quantitatively tunable energy transfer
efficiency will facilitate QD-based optoelectronic and photovoltaic applications.
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Colloidal quantum dots (QDs) are quantum-confined
semiconductor nanocrystals with high absorption, near-unity
photoluminescence (PL) quantum yield, narrow emission
linewidth and high photostability. [1–3] Those admirable merits, together with the convenience of tuning bandgap and surface functionalization, promote the boom of QD-based electronic and optoelectronic devices with low-cost solution-based
fabrication procedure, including QD light-emitting diodes
(QLEDs), displays and lasing devices. [4–9] To improve the
emission performances and meet the specific needs of applications, various methods have been widely developed by optimizing the materials synthesis and device architecture, [9–11]
such as synthesis of QDs with core-shell structure [12–14]
and adoption of hybrid organic/inorganic charge transport
layers. [15,16] With those improvements, QLEDs have experienced a rapid growth in their external quantum efficiency
(EQE). In addition, white QLEDs (WQLEDs) with different

structures have also been developed, such as mixing blue,
green and red QDs together in the emitting layer [17,18] or depositing different emitting layers separately. [19–21] Due to the
close vicinity of QDs, those mixed or multi-layered WQLEDs
suffer from energy loss due to the down conversion energy
transfer process and defect quenching. Non-radiative Auger
recombination can also result in energy loss and lower EQE in
both QLEDs and WQLEDs under high carrier density. Therefore, a simple, convenient but sufficient approach to further
improve the emission performances is highly desirable but still
waiting for deep exploration.
Förster resonance energy transfer process, which describes nonradiative energy transfer via dipole–dipole coupling from a fluorescent donor to a proximal acceptor with
spectral overlap, [22–27] exhibits powerful modulation effects
on the emission performance of QDs. [28–38] With the energy
flow from donor to acceptor, both the absorption and emission
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properties of QDs could be effectively regulated, such as absorption cross section, carrier lifetime and PL intensity. The
energy transfer efficiency between donor and acceptor can be
directly modulated by the separation distance, spectral overlap
as well as the number of interacting donor and acceptor. Exploring the energy transfer process will benefit for better controlling and designing artificial QDs systems with configurable
optoelectronic properties. Significantly, quantitative modulation on energy transfer efficiency is highly demanded to realize
such precise optimization of QDs performances.
In this work, we have realized tunable energy transfer efficiency by forming QDs mixtures with controllable mixing
ratio. By carefully mixing up the donor and acceptor QDs with
appropriate donor/acceptor (D/A) ratio (Fig. 1(a)), the energy
transfer efficiency can be tuned from near zero to ∼ 70%. The
modulation of energy transfer efficiency and carrier dynamics
channels in the mixture will naturally tune the emission properties of both donor and acceptor, where enlarged absorption
cross section leads to enhanced emission intensity for the acceptor and the sufficient energy extraction in donor will suppress the multi-exciton and non-radiative Auger recombination.
Realization of energy transfer in QDs mixtures. In
our experiments, high quality core/shell CdSe/ZnS QDs were
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fabricated by high temperature hot-injection strategy (Fig. S1
showing the energy band diagram of core/shell CdSe/ZnS
QDs). By adjusting the ratios of precursor and the reaction
time, the core size and the corresponding bandgap were artificially tuned from 500 nm to 650 nm continuously (see
Appendix A for details). [39] Here, the fabricated QDs with
emission spectra centered at 532 nm and 620 nm were used
as donor and acceptor, respectively, as shown in Figs. 1(b)
and 1(c). Ultraviolet photoelectron spectroscopy (UPS) and
energy level of QDs can be found in Fig. S2. These two
QDs were mixed up in solution with appropriate ratio and deposited onto the 300 nm SiO2 /Si substrate by spin coating.
The PL spectra of both pure QDs and the mixture are shown
in Fig. 1(d), where the PL intensity in mixture has been normalized with respect to the concentration of pure QDs to make
meaningful comparison. From the spectra, we can find the
suppressed PL intensity from the donor and enhanced intensity
from the acceptor in the mixture (1/1), due to the energy transfer process. According to the modulation of the PL intensity,
the energy transfer efficiency η can be directly determined as
η = 1 − IDA /ID , where ID is the PL intensity from pure donor
and IDA is the PL intensity from donor in the mixture. For the
mixture (1/1) studied here, the energy transfer efficiency η is
given as ∼ 28%.
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Fig. 1. Energy transfer in the QDs mixture. (a) Schematic representation of QDs mixture under laser excitation. Energy transfer (ET) takes
place between two kinds of QDs with spectral overlap in proximity to each other, which influences their PL intensity and PL decay dynamics.
(b) Absorption (solid line) and emission (dashed line) spectra of donor and acceptor QDs. The obvious spectral overlap of donor’s emission
and acceptor’s absorption spectra promises the efficient energy transfer. (c) Schematic band diagram of donor and acceptor QDs. With nonradiative energy transfer, the exciton generated in donor undergoes energy transfer process into absorbing states of acceptor. (d) PL intensity of
pure donor (olive), pure acceptor (orange) and mixture (1/1) (blue) under the same excitation condition. The PL intensity in mixture has been
normalized with respect to the concentration of pure QDs. The enhanced PL of acceptor and suppressed PL of donor indicate efficient energy
transfer between them.
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can be derived to be about ∼ 12.5 nm, where the Förster radius describes the distance between donor and acceptor for energy transfer efficiency of 50%, RDA is the distance between
donor and acceptor (about ∼ 11 nm, containing the radius of
donor and acceptor QDs with oleic acid ligand) and τ0 is the
lifetime of donor excited states. Transmission electron microscope images showing the size of both donor and acceptor can
be found in Fig. S4. In our experiment, the size of donor is
∼ 8.5 nm with 4 monolayer (ML) ZnS, and the size of acceptor is ∼ 10.5 nm with 3 ML ZnS. Each ML of ZnS is about
0.31 nm.
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the directional energy flow from donor to acceptor. The effective energy transfer time can be derived from the formula
τD −τDA
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τET = τD τDA , where τET is the time constant of energy transfer, τD is the lifetime of pure donor and τDA is the lifetime of
donor in the mixture (Tables S1 and S2). The effective energy
transfer time in mixture (1/16) can be obtained as τET ∼ 2.0 ns,
revealing the competing fast non-radiative energy transfer decay channel. Considering the formula of the effective energy
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Tunable energy transfer efficiency in QDs mixtures.
The naturally existing energy transfer process in QDs mixtures effectively influences the emission performances of both
donor and acceptor. In order to modulate the energy transfer
efficiency, QDs mixtures with different D/A ratio were prepared and studied. Pulse laser from Ti: sapphire oscillator
(250 kHz, 60 fs) centered at 400 nm was used to characterize the time-resolved optical spectra. After photoexcitation,
the emission signals were collected by a microscope objective
and sent to our detection system to characterize the PL dynamics for both donor and acceptor (see Appendix A and Fig. S3
for details). With the increase of the acceptor proportion, the
donor lifetime was shortened gradually (Fig. 2(a)). As in mixture (1/16), the donor lifetime was fitted to be ∼ 1.4 ns, much
shorter than the pure donor lifetime of ∼ 4.4 ns (Fig. 2(c) and
Table S1). Meanwhile, the lifetime of acceptor became longer
in the mixture (Fig. 2(b)). With the increase of the donor proportion, the acceptor lifetime gradually approached the maximum value, indicating the saturation of the energy transfer
process (Fig. 2(c)). Lifetime modulation for donor and acceptor in the mixtures has exhibited opposite trends, implying
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Fig. 2. Lifetime modulation of donor and acceptor in the mixture. (a), (b) PL decay dynamics of donor (a) and acceptor (b) in the mixture with
different mixing ratio. (c) Lifetime statistics extracted from the PL decay curves. The orange/olive dashed lines represent the lifetime of pure
acceptor/donor, respectively. (d) Energy transfer (ET) efficiency from donor to acceptor in the mixture with different D/A ratio.
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in mixtures can be expressed as Abse = AbsD · η + AbsA ,
where AbsD and AbsA are the absorption of donor and acceptor respectively and η is the energy transfer efficiency between them. [37] Therefore, the total absorption is influenced
by the energy transfer efficiency, which is determined by the
D/A ratio in the mixtures. Accordingly, with the increase
of the donor proportion, the PL intensity of acceptor in mixtures was enhanced gradually and would approach a maximum
value when the energy transfer process approached its saturation (Fig. 3(b)). The PL intensity of acceptor in the mixture
(16/1) was enhanced to ∼ 2.4-fold, benefitted from the energy
transfer process (Fig. 3(c)). Enlarged effective absorption of
acceptor with extra energy supplement from donor results in
the emission enhancement of acceptor, which can be precisely
controlled by tuning the D/A ratio.
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ciency, η = nR60 /(nR60 + R6DA ), where n is the number of acceptors interacting with one donor. [40,41] With the increase of
acceptor proportion, donor can be totally surrounded by acceptors (e.g., 1/16), leading to the sufficient energy extraction
from donor to acceptor and corresponding high energy transfer efficiency. The simple but precise tuning method for energy transfer efficiency provides us a powerful tool to achieve
controllable optimization of emission performance for QDs.
Enhanced PL intensity for acceptor. With external energy transferred from the surrounding donors into acceptor, PL
intensity of acceptor can be enhanced in mixtures. In addition
to the absorption of the acceptor determined by its intrinsic
absorption cross section, extra energy supplement directly increases the total absorption and emission intensity for acceptor
(Fig. 3(a)), if the change of the acceptor quantum yield is ignored. Actually, the effective absorption of acceptor (Abse )
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Fig. 3. PL enhancement for acceptor in the mixture. (a) Schematics showing the energy flow from donor to acceptor in the mixture. With more
donors surrounding in proximity, the acceptor obtains more energy and thus shows enhanced emission intensity. (b) PL intensity of acceptor
in the mixture with different mixing ratio. The PL intensity in mixture has been normalized with respect to the concentration of pure QDs. (c)
PL enhancement factor of acceptor in the mixture. With the increase of the donor proportion, the acceptor PL intensity shows an increasing
enhancement factor.

Suppressed Auger recombination for donor.
Due
to the relatively lager size of the exciton Bohr radius than
the QDs size, the exciton is confined in the limited volume of nanoparticle. Hence multi-exciton recombination as
well as non-radiative Auger recombination process will dominate the emission behavior in the QDs under high carrier
density. [42–46] When the rate of energy transfer is comparable to that of Auger recombination, energy extraction from
donor holds the promise of reducing corresponding energy
loss (Fig. 4(a)). Lifetime characterization of donor has been
carried out to study the recombination channels of donor under different excitation power density. With the increase of
the excitation power density, the initial single-exponential decay curve underwent change to multi-exponential decay process for pure donor (Fig. 4(c)). The threshold is approximately 0.02 mJ/cm2 , above which faster decay channels became apparent. Those faster decays are attributed to the nonexciton recombination channels including charged exciton,
multi-exciton and non-radiative Auger recombination process,
which are faster than the radiative neutral exciton recombination and result in the PL blinking because of their lower
emissivities. [47–52] However, as for the donor in the mixture

(1/8), no obvious change can be detected in the PL decay
traces with the increase of the excitation power (Fig. 4(d)).
The PL decay curves of donor in the mixture still show good
single-exponential fitting even at higher excitation power (e.g.,
0.2 mJ/cm2 ), which is not the case for pure donor (Fig. 4(b)).
The single-exponential decay curve means that the energy
transfer is faster than other decay channels and the emerging
Auger recombination process in donor is actually covered by
energy transfer under high fluence excitation and strong emission (Fig. S5). Resulted from the reduced exciton concentration, donor in mixtures surrounded with acceptors possess a
higher threshold for non-radiative Auger recombination and
can continue with the radiative neutral exciton recombination
under a higher excitation power density. What is more, the
reduced impact of Auger recombination for donor avoids the
energy loss of such non-radiative decays, and the energy transported into acceptor further improves the quantum efficiency
of acceptor on the other hand. Suppressed Auger recombination in donor and enlarged absorption and emission in acceptor
hold the promise to effectively improve the emission performances of WQLEDs.
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Fig. 4. Suppression of Auger recombination process for donor in the mixture (1/8). (a) Schematics showing exciton extracting process in
mixture of QDs between the donor and acceptor. With the efficient energy transfer, the exciton concentration in donor decreases, and so does
the non-radiative Auger recombination rate. (b) PL decay dynamics of donor in mixture (black) and pure donor (red) under high excitation
power intensity (0.2 mJ/cm2 ). Pure donor shows multi-exponential decay process (red), while donor in the mixture still undergoes singleexponential decay. (c), (d) Excitation power-dependent PL decay dynamics of (c) pure donor and (d) donor in mixture (1/8). The excitation
power density is 0.01, 0.02, 0.05 and 0.2 mJ/cm2 , respectively, from bottom to top. Dashed lines in (c) help to highlight the multi-exponential
decay process of pure donor even under low excitation power.

Precise optimization of emission performance for QDs
can be realized by choosing appropriate D/A ratio by making full use of the tunable energy transfer process. When at
high D/A ratio, the directional injection of excitons into acceptors from proximal donors levers up the emission intensity. What is more, the sufficiently enhanced absorption for
acceptor could provide extra pumping in the stimulated emission regime and lower corresponding gain threshold potentially, indicating the feasibility of QD-based optical amplifiers
and lasers based on energy transfer strategy. As for donor in
the mixtures, the ultrafast energy extraction process can make
donor tolerate higher fluence excitation and results in a higher
threshold for Auger recombination. The quantitatively tunable
energy transfer efficiency in mixtures also provides a practical
strategy to design and further improve WQLEDs with proper
mixing ratio to realize optimized emission performances such
as reduced energy loss due to Auger recombination, etc.
In summary, we have successfully realized tunable energy transfer efficiency in QDs system, which can be modulated from near zero to ∼ 70% by controlling the D/A ratio.
Taking advantage of the precisely modulated energy transfer
process existing in the mixtures, improved emission performance of QDs can be achieved. We believe that the convenient realization of tunable and sufficient energy transfer by
forming QDs mixtures with proper D/A ratio provides a powerful tool to precisely optimize the emission performances of

QLEDs as well as WQLEDs. Our results provide a perspective to better understand energy transfer process quantitatively
and will promote the utilization of tunable energy transfer to
design high-performance QD-based optoelectronic and photovoltaic devices.

Appendix A: Methods
Synthesis of CdSe/ZnS QDs. Cadmium oxide (CdO,
99.99%), sulfur (S, 99.99%, powder), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), selenium (Se, 99.999%, powder), and zinc oxide (ZnO, 99.99%, powder) were purchased from Aldrich. High quality CdSe core and CdSe/ZnS
core/shell QDs were synthesized according to our reported
procedures. [39] As for shell precursors, zinc oleate (0.2 M)
was prepared by heating a mixture of ZnO (0.4882 g, 6 mmol),
oleic acid (5.084 g, 18 mmol), and ODE (24 mL) to 300 ◦ C.
Sulfur precursor (0.2 M) was prepared by heating a mixture
of sulfur (0.192 g, 6 mmol) and ODE (30 mL) to 150 ◦ C. By
choosing suitable size of CdSe as cores, core/shell QDs with
emitting color from green to red have been synthesized. 3 mL
of ODE and 1 g of OA were loaded into a 50 mL reaction flask.
The purified CdSe QDs in hexanes (2.8 nm and 4.7 nm in diameter) were added, and the system was kept at 120 ◦ C under
nitrogen flow for 30 min to remove hexanes. Subsequently,
the solution was heated from 180 ◦ C to 280 ◦ C for the shell
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growth at a rate of 20 ◦ C per 10 min with adding shell precursors. Finally, the required nanocrystals were dispersed in
octane.
Characterization of QDs.
Room temperature UVvis absorption spectra were measured with an Ocean Optics
spectrophotometer (mode PC2000-ISA). Transmission electron microscopy (TEM) studies were performed using a JEOL
JEM-2010 electron microscope operating at 200 kV.
Sample preparation. Two kinds of colloidal QDs in
solution were mixed up with different D/A ratio. The mixed
solution was then thoroughly mixed up in the water bath with
ultrasonic vibration. The mixture was dropped and spun cast
onto the 300 nm SiO2 /Si substrate layer with 3000 r/min rotation speed. The samples of pure donor and acceptor were
prepared using the same method to make comparison.
PL and time-resolved PL measurements. All the PL
measurements were carried out by using our home-made experimental setup. The samples were excited by the pulse laser
centered at 400 nm (Coherent Vitara-T, ∼ 60 fs, 250 kHz) generated by a Ti:sapphire oscillator and a BBO crystal. Excitation laser was focused by a Nikon objective (50×, NA ∼ 0.80)
and the emission signal was collected by the same objective
under reflection mode. The collected signal was then sent
to the spectrometer (Princeton Instruments) after filtering out
the excitation laser to analyse the PL intensity. As for timeresolved PL measurement, the collected signal was sent to
the time-correlated single-photon counting system (Picoquant,
Timeharp 260).
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