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Optical resonators can alter quantum emitters’ electromagnetic environment, thus mod-

ifying the spontaneous emission[1]. This is known as the Purcell effect[2], widely regarded

as the standard explanation of cavity-emitter interations. Here we show that this effect fails

to properly address the emission modified by plasmonic resonators, i.e. a special type of

metal cavities, where resonators can strongly affect the transition processes by charging the

emitters[3]. In particular, by integrating quantum dots (QDs) into a grating-like plasmonic

resonator, we can transiently dope the QDs with a large amount of hot electrons that are pro-

duced during plasmon excitation. The doping makes the excited carriers greatly outnumber

the absorbed photons, forming unusal “asymmetric excitation” in individual QDs and yield-

ing high-frequency radiative emission that can not be enabled by the Purcell enhancement.

Our finding identifies a new cavity-emitter interaction pathway, initiating riveting opportu-

nities for both fundamental studies and practical applications in laser[4–6], photovoltaics[7],

and photocatalysis[8].
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FIG. 1. Modifying emission via plasmonic doping. a, schemetic of a quantum emitter that is integrated

with a conventional optical resonator, in which the interaction with photons is enhanced via the Purcell

effect, presenting as one excited electron associated with one absorbed photon; note the number of excited

electrons in each QD equals the number of absorbed photons, i.e. Ne = Nph. b, schematic demonstrating

the coupling of an emitter with a plasmonic resonator, in which the excitation of one plasmon can dephase

to a lot more hot electrons that can dope the emitter, forming an asymmetric excitation Ne > Nph.

Quantum emitters, like atoms, QDs and moleclues, typically have sizes much smaller than

their working wavelengths, making them inherently difficult to interact with photons. As proposed

by Purcell[2], one can use optical resonators to enhance the emitter-photon interaction, because

resonators can confine photons, both spatially which increases the photon density near emitters,

and temporally which gives the photons longer to cause an effect. As a result, one can increase the

local density of optical states (LDOS), enhancing the emitters’ excitation/emission rate (Fig. 1a).

However, the theory of the Purcell effect was developed on electrically insulated resonators, such
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as Fabry-Perot cavities[9], whispery-gallery-mode cavities[10] and photonic-crystal cavities[11],

where the resonant energy is purely photonic, restricting the effect’s scope merely to the interaction

between emitters and their electromagnetic environment.

In this letter, we demonstrate that when emitters are integrated with a plasmonic resonator, the

resonator can modify spontaneous emission by transferring charges to the emitters. In particular,

plasmonic resonators are specially designed metallic nanostructures, in which optical resonances

arise due to collective oscillation of conduction-band electrons, known as plasmons. The excitation

of plasmons highly concentrates optical energy, leading to significant enhancement of LDOS[12–

14], which makes plasmonic resonators an important platform for emission modification[15–19].

On the other hand, the dephasing of plasmons produces a number of highly energetic carriers[20]

(See Fig. 1b and Supplementary Fig. S5). These so-called plasmonic hot electrons[21, 22], when

doped in adjacent emitters[23], can make the number of excited carriers in individual emitters,

i.e. the excitation density (Ne), exceed the absorbed photon density (Nph), forming asymmetric

excitations in emitters (Fig. 1b) and leading to emission modification that cannot be enabled by

the Purcell effect.

We studied this effect on cadmium-selenide/cadmium-sulfide (CdSe/CdS) core/shell QDs[24]

films that are coated on a silver (Ag) made periodic nano-line array plasmonic resonator (Fig. 2a).

The line-array has a period of ∼ 500 nm, enabling lattice plasmon modes that can be dispersively

excited across the visible spectral range. As shown in Fig. 2c, under p-polarized [orientation of

electric fields parallel to the plane (x-z) of incidence] illuminaton at θ = 37◦, the steady-state

reflection spectrum of the QD-resonator hybrid displays one minimum at 2.57 eV, indicating that

photons at this frequency are absorbed mainly due to plasmon excitaton. When illuminated at θ =

23◦, the plasmon resonances red-shift, presenting one minimum at 2.41 eV. (See Supplementary

Fig. S3 for the plasmon dispersion)

The plasmonic resonator enhances LDOS, which can be characterised by the Purcell factor

(FP = γres/γ0), where γres (γ0) is the excitation/emission rate of emitters embedded in resonators

(free-space). Fig. 2b shows the modelled spatial map of FP at E = 2.41 eV, while FP at other

plasmon frequncies exhibits similar distributions and magnitudes, indicating that the dispersive

plasmon modes are spectrally separated but spatially overlapped. This property makes the plas-

monic resonator capable of enhancing both the QDs’ absorption to the pump (by a factor of Fabs
P

)

and quantum yield to the emission (by a factor of Fem
P

) in photoluminescence (PL) measurements.

Specifically, after being pumped (2.33 eV), the bare QD sample (Fig. 2d), i.e. the QD film de-
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FIG. 2. Structure and steady-state optical properties. a, schematic of the QD-resonator hybrid with the

scanning-electron-microscopy image and b, the modelled spatial map of the Purcell factor along the x-z

cross-section. More structral information can be found in Supplementary Fig. S2. c, steady-state reflection

spectra under p-polarized illumination at the incident angles of θ = 23◦ (black) and 37◦ (orange), respec-

tively. The green dashed vertical line indicates the pump freuqency in the transient PL measurement (Fig. 3),

which matches the plasmon resonance excited at 23◦. d, steady-state PL spectra of bare QDs (black), only

absorption (Fabs
P

) enhanced QDs (blue) and both absorption and emission (Fabs
P
·Fem

P
) enhanced QDs (red).

posited on a quartz substrate, shows a steady-state PL spectrum peaking at 2.03 eV. As shown

in Fig. 2(d), when only is the absorption (at the pump frequency) enhanced, the PL in the QD-

resonator hybrid exhibits a ∼ 5-fold PL increase compared to the bare QDs; when both absorption

and emission are enhanced, the PL can be elevated up to 20-fold. These results agree well with the

simulated FP. Please see Supplementary Fig.S8 for more information about the PL enhancement

induced by Fabs
P

and Fem
P

.

To further explore how the plasmon excitation affects the spontaneous emission, we studied the

transient PL spectra in the QD-resonator hybrid. In our tansient gate PL spectrometer (Supple-

mentary Fig. S1), the pump pulse has a frequency of 2.41 eV (515 nm) and a duration of ∼ 100 fs,

allowing us to highly resolve the relaxation dynamics of the excited carriers, given that our QDs

have a long lifetime (∼ 15 ns)[25]. As shown in Fig. 2c, pumping the hybrid at different angles

enables selective excitation of the plasmon that is on- or off-resonance with the pump. Specifi-
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FIG. 3. Transient photoluminescence spectra. a, normalised PL transient at t = 1 ps measured from

the QD-resonator hybrid excited by the pump that is (On-Res) or not (Off-Res) plasmonically enhanced;

normalised PL transient at t = 5 ps measured from b, the QD-resonator hybrid and c, the bare QDs com-

paring with their steady-state PL (yellow area); solid circles in panel a, b and c represent the raw data of

the measured transient PL, where solid curves are the smoothed results; thin dashed curves in panel b and c

represent the fitting components using Gaussian functions; normalised PL transients measured from d, the

QD-resonator hybrid and e, the bare QDs at different times, presented with areas from black to grey.

cally, with a pulse fluence of ∼25.6 µJ cm−2 (Fig. 3a), the on-resonance plasmon excitation (black

curve) makes the PL transient (t = 1 ps after pumping) broadened compared to that excited by

off-resonance pumping, exhibiting two pronounced additional maxima at ∼ 2.0 and ∼ 2.15 eV re-

spectively (See Supplementary Fig. S7 for all PL transients). That is to say, the transient emisson

spectra are modified when the pump is plasmonically enhanced.

Comparing the transient (t = 5 ps) with the steady-state PL (Fig. 3b), we note the high-

freqeuncy maximum at E = 2.15 eV still presents, decaying within 50 ps (Fig. 3d). In contast, the

PL spectra (Fig. 3c and 3e) in bare QDs, irrespective of being transient or steady-state, show no

sign of any high-frequency maxima. Such a high-frequency PL maximum is a clear evidence of

large-density population of carriers that leads to the occupation of higher frequency states[26, 27]

in QDs, thus yielding blue-shifted emission with repsect to the the ∼ 2.0 eV bandedge transi-

tion. However, such a population in bare QD samples typically requires intense pumps that have

fluences 2 − 3 orders of magnitude higher than that in our experiments [25]. Given that the high-

frequency maximum only appears when the pump is plasmonically enhanced, we conclude that
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the plasmon excitation at the pump frequency is responsible for the high-density population. To

confirm our observations, we have also measured the PL with different fluences (Supplementary

Fig. S9), in which the high-frequency maximum always exists and gets broadened with pump flu-

ences increased from 25.62 to 256.12 µJ cm−2 in our experiment.

Absorption enhancement via the Purcell effect (Fig. 1a) can certainly increase the carrier den-

sity, which, however, is far from enough to proivde the required population in high frequency states

of the QDs. As shown in Fig. 2b, the pump absorption in the QDs can be enhanced up to ∼6-fold.

However, even if pumping the bare QD sample with a 10-fold stronger fluence (256.2 µJ cm−2),

we are still unable to see any pronounced high-frequency features (Supplementary Fig. S9). Ac-

cording to our previous work[25], pumps (515 nm) that have similar fluences can only generate

< 1 excitations in individual QDs. This means that merely can the 1Se-level but not higher QD

states (Supplementary Fig. S10) be filled under such relatively low fluences, and there must be

other excitation mechanisms than the Purcell effect that enable the high-density population.

To figure out the excitation mechanism that enables this high-frequency emission, we need

to identify the specific energy levels between which the transition can take place. The 1Pe →

1P3/2 transition (Supplementary Fig. S10) can be first excluded due to the frequency mismatch,

which should occur at E = 2.48 eV[25], even higher than the pump frequency. The 1Se → 1P3/2

and 1Se → 2S3/2 transitions are close to ∼ 2.15 eV[28], which, however, all require ultrahigh

excitations to happen. In particular, to trigger the emission, one needs ⩾ 5 (⩾ 9) carriers excited

in individual QDs to enable the recombination of electrons and holes for the 1Se → 1P3/2 (1Se →

2S3/2) transition, which, in other words, means ⩾ 5 (⩾ 9) photons must be absorbed by a single QD.

Our calculation (Supplementary Eq. S1) shows that even with the maximum Purcell enhancement

of the pump considered, the absorbed photon density is only Nph < 1. Therefore we can rule out

the possibility that the 2.15 eV PL maximum arises due to the 1Se → 1P3/2 and 1Se → 2S3/2

transitions. In addition, the transition between 1Se and the thermally occupied hole states can also

be excluded, because the thermal fluctuations in our system are not strong enough (kBT ≪ 0.15

eV) to enable hole states that allows the high-frequency transition. As the result, there only leaves

the 1Pe → 1S3/2 transition that may induce the emission at 2.15 eV.

In this context, we must take the plasmonic doping of hot electrons into consideration, because

(i) the excitation of one plasmon can produce multiple hot electrons[20] (Supplementary Fig. S5);

and (ii) the hot electron production has been observed in our plasmonic resonator (Supplementary

Fig. S4). These charges, if being injected into the adjacent QDs, can yield a carrier density that
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FIG. 4. Relaxations in QDs. Normalised transient PL (open circles) as a function of time from the QD-

resonator hybrid at a, ∼ 2.15 eV, b, ∼ 2.05 eV and c, ∼ 1.99 eV, corresponding to the maxima of the

three fitting components in Fig. 3b; the transient PL decay from the bare QD sample (dark green solid

circles) is plotted in panel b as a comparison; the specific energy levels in the QD that the corresponding

transitions take place are plotted on the right. The solid curves are the single- (panel b and c) or bi- (panel

a) exponential fitted results with parameters demonstrated in Supplementary Table S1, while the dotted

vertical line indicates the time point, where the bandedge emission achieves its maximum. The pump

fluence is 25.61 µJ cm−2.

is higher than the absorbed photon density (Ne > Nph), thus enabling a high-density population

even with a low pump fluence, as illustrated in Fig. 1b. This is not achievable by the Purcell

enhancement, in which Ne = Nph must hold (Fig. 1a). We have calculated the doped carrier density

in QDs contacting the surface of Ag lines (Fig. 2b) using[23]:

Ne =
Fpump

2cϵ0
· |E/E0|

2 ·
1

π2

e2E2
F

ℏ

ℏω − ∆ϕTB

(ℏω)4
· S c (1)

where c is the light speed, ϵ0 is the vacuum permittivity, e is the electron charge, EF is the Ag
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Fermi-level, ω is the pump frequency, |E/E0|
2 is the modelled field enhancement, and Fpump =

25.6 µJ cm−2 is the pump fluence. Here we take ∆ϕTB = 1 eV as the tunneling barrier for electrons

entering the core-shell QDs (Supplementary Fig. S10), finding that up to 16 − 288 electrons can

be doped in each QD when the contact-area S c between the QD and Ag surface varies from 0.5 to

9 nm2. These are a feasible contact-area range, given that our QDs have a diameter of 7.3 nm[25].

This high-density doping certainly affects carrier relaxations in the QDs. For example, the doped

hot electrons can be temporarily accumulated in the conduction band, equivalent to charging the

QDs, which can help break the selection rules [29] that forbid the transition between S and P

levels[30]. As a result, the 1Pe → 1S3/2 emission at ∼ 2.15 eV becomes allowed (schematic in

Fig. 4a), which is, as discussed above, induced by the plasmonic doping of hot electrons but not

the Purcell enhancement.

For further analysis we confine ourselves to QDs’ carrier dynamics. In Fig. 4, we have plotted

the relaxation of the three main PL components (dashed curves in Fig. 3b fitted using Gaussian

functions as in Supplementary Eq. S4). Fig. 4a demonstrates the high-frequency relaxation at ∼

2.15 eV, in which the transient PL signal achieves its maximum within < 1 ps, much earlier than

do the transitions at lower frequencies (Fig. 4b and 4c), and then rapidly decays. This is a clear

indication that the doped carriers tend to relax first from the higher but not the lower energy states

as the charge injection is a top-down process (Fig. 1b and Supplementary Fig. S6).

Carriers at high-frequency states are unstable, thus quickly relaxing to lower levels, e.g. the

bandedge state, which can then induce the 1Se → 1S3/2 transition (Fig. 4b and 4c) enabling the

emission at ∼ 2.05 eV and ∼ 1.99 eV that have similar relaxation tendencies. Here we want

to point out that due to the limited time range (< 1000 ps) in our PL measurements, we fit the

low-frequency (2.05 and 1.99 eV) decays using single-exponential functions, aiming to recover

the fast decay processes; while the slow processes have been captured using Transient Absorption

measurements (Supplementary Table. S1). Specifically, we note that the QD-resonator hybrid has

a slow-process lifetime of τ ∼ 3 ns (Supplementary Fig. S11) in contrast to the ∼ 15 ns lifetime in

the bare QDs[25]. There can be two possibilities for the lifetime reduction: (i) it can be induced by

the Purcell enhancement of radative emission, which agrees well with the calculated FP (Fig. 2b)

and the steady-state PL enhancement (Fig. 2d); (ii) it may be due to the non-radiative Auger re-

combination of trions[28], in which case the QDs must be doped with a number of electrons. Here

we want to point out that the PL signals of these two low-frequency components were both mea-

sured from a mixture of undoped QDs (where only the Purcell enhancement presents) and doped
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QDs (where both plasmonic doping and the Purcell enhancement take effects), which makes it

difficult to explicitly distinguish the contributions from doping or the Purcell enhancement to the

shortened lifetime.

To summarize, we have demonstrated emission modification in QDs induced by the charge

transfer from an adjacent plasmonic resonator. Specifically, the excitaton of plasmons produces

a large number of hot electrons, which transiently dope the QDs, making the excited carrier den-

sity larger than the absorbed photon density and hence enabling the spontaneous emission from

high-frequency excitonic states. Beyond the scope of the Purcell effect that is limited to LDOS

modification, our work has identified a new cavity-emitter interaction pathway for QDs, and by

extension for all emitters that can be charged, openning up exciting opportunities in the study of

cavity Quantum Electrodynamics and the design of optoelectronic and nanophotonic devices.
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METHODS

Sample Fabrication

The grating-like plasmonic resonators have been fabricated by using optical interference

lithography[31] together with thermal evaporation. The geometry of the resonator can be seen

from Supplementary Fig. S2 and Fig. 2a. The QDs were synthesized using the method detailed in

[25], having the CdSe core (diameter of 4 nm) covered by a CdS shell (diamter of 7.3 nm). The

QDs was spin-coated on the resonator, forming a 6 − 7 layers film on top of the Ag lines.

Steady-state Reflection and PL Measurements

The angle resolved steady-state reflection and PL have been measured from the samples us-

ing the setup presented in Supplementary Fig. S1a. The samples are illuminated by a halogen

lamp through an objective (100 times magnification); and the reflected beam is collected through

the same objective and then analysed at the Fourier image plane, which allows us to obtain the

reflection spectra by scanning optical signals along the Fourier image plane using a fiber that

is connected to a spectrometer (OceanOptics USB2000+VIS-NIR-ES). The fiber has a diameter

100 µm, enabling an angular resolution of 1◦. Furthermore, a polarizer was installed before the

detection plane to analyse the polarization of the reflected beam. In PL measurements, the halogen

lamp was replaced by a laser (532 nm and power 45 mW).

Transient PL Measurements

The broadband TPL spectra have been measured using our transient grating PL spectrometer

(Supplementary Fig. S1b)[32]. In short, as the result of laser beam (1030 nm, 120 fs duration)

interference on a silica film, the refractive index (RI) of the film can be periodically and transiently

modulated, forming a grating-like RI distribution that can be used to transiently diffract incoming

light. Pumping on the sample with the pulses (515 nm, 120 fs), the PL signals are collected and

then projected onto the film. Varying the delay time between the PL signals and the transient

RI grating, we can get the broadband PL that is transiently diffracted away from the background

PL, which are the PL spectra at different time delays. This technique allows us to resolve the

broadband PL with a time resolution of ∼ 200 fs. What’s worth mentioning is that the PL signals

are collected from a wide angle range (−20◦ to 20◦) to enhance the PL intensity, thus increasing

the signal-to-noise ratio.
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