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Abstract The study of the interaction of surface plasmon

polaritons (SPPs) with quantum emitters has become very

important in the last few years. The ability to design optical

devices as well as investigate the physics of strongly

interacting systems is some of its useful applications. In

this paper, we will show some results on the decay of

excitons confined in a InAs/GaAs quantum dot into SPP

modes confined in a metallic thin film made of Au, an

important step toward the investigation of the basic fea-

tures of the SPP–exciton interaction. The lifetime of the

ground state level was investigated and shown to decrease

with the presence of the metallic film.

1 Introduction

Plasmonics [1] has evolved in the last few years as a

promising candidate to substitute electronics [2]. The main

important features present are the possibility to design

optical devices at the visible range [3–5], i.e., operating at

frequencies around THz, as well as the high confinement

that can be achieved by exploiting the unique features of

the so-called surface plasmon polaritons [6].

The SPP waves are a result of the interaction between

light and free electrons in a metal/dielectric interface,

which results in the confinement of light that propagates in

a two-dimensional space with evanescent electromagnetic

fields penetrating both in the metal and dielectric media. As

a result of this confinement, the electromagnetic field

(EMF) can be enhanced by many orders of magnitude.

These high EMF strongly interact with the medium in

which it propagates, and due to the losses present in the

metal these waves display a finite propagation length [7].

In order to enhance the propagation length of SPPs, a

common approach relies on the idea of doping the dielec-

tric medium with a gain media having long-lived energy

states [8], compared to SPP lifetime, as a route to suppress

the losses in the interacting wavefunction of the SPP. In

these situations, it can be achieved a strong coupling

regime between SPP waves and the quantum emitters [9,

10] present in the gain media, an essential ingredient which

may provide new exotic features of photons interactions

such as the so-called quantum fluids of light [11].

A way to probe this strong interaction can be inferred by

the modification in the lifetime of the quantum emitters

which is affected by the interaction with the SPPs. When

placed near metallic nanoparticles (NPs), excitons in a

quantum dot (QD) or quantum well (QW) decay into light

and also in localized SPPs (LSPPs) [12]. Under some

restrictive conditions, it was observed that the photolumi-

nescence (PL) spectra may increase or decrease depending

on the density of these NPs [13, 14]. However, the relative

position between the quantum emitters and the metallic

NPs is not well controlled in these systems. In our case, we

have focused on the control of the distance between the

quantum emitter and the metal/dielectric interface.

The quantum emitters are a single layer of InAs quan-

tum dots embedded in a GaAs matrix with variable cap

layer. The precision on the cap layer thickness is on the

order of an atomic layer which can be achieved with

molecular beam epitaxy (MBE) technique. The metallic

film is a thin layer of 6 nm made of gold. We performed a
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time-resolved photoluminescence (TRPL) investigation to

obtain the lifetime of the QDs as a function of the cap layer

thickness in a region where the GaAs matrix is covered

with the metallic thin film and compared to the lifetime

when there was no metallic film over the sample. In Fig. 1,

we present a scheme of the measurement where the inter-

action of SPPs with QD excitons is shown to influence only

the QDs near the Au/GaAs interface. In the present paper,

we show that the SPP–QD coupling mechanism is

responsible for a strong decrease in the lifetime of exciton

in the QD.

2 Method and results

The sample was grown by molecular beam epitaxy on

(100)-oriented GaAs substrate. After the desorption of the

GaAs oxide, a 300-nm buffer layer was grown at a sub-

strate temperature of 580 �C. After the buffer, we depos-

ited 2.0 monolayers (ML) of InAs at 530 �C followed by a

30 s annealing. Then a cap layer with thickness d of 10, 20,

30, 40 and 50 nm of GaAs was grown. The minimum value

of cap layer is enough to guarantee that the InAs QDs are

completely covered with GaAs although surface states play

an important role in the decay mechanism for d = 10 nm.

After the dielectric doping with QDs, we deposited a

thin layer of Au over the GaAs surface using an evapora-

tion chamber. A mask was used to produce an area without

the film. The film was made thin enough in order that a

photoluminescence (PL) signal can still be obtained when

the laser beam is focused over the Au film. However, for a

very small thickness the film consists of an agglomerate of

Au NPs. In order to ensure that this is not the case for our

sample, the deposition of the metallic film was made both

on the GaAs surface and on a glass substrate with index of

refraction 1.5. We employed the glass in order that the

transmission of light through the metallic film can be

analyzed also for the visible range, which is not possible

for GaAs due to its bandgap energy (around 1.42 eV)

which corresponds to 870 nm.

The transmission was obtained for some values of

thickness (h = 1.5, 4.0, 6.0 nm), and the results are shown

in Fig. 2. The absorption peak at 618 nm for h = 1.5 nm is

due to the absorption of light by the Au NPs [15], and the

high value of transmission (around 90 %) above this peak

indicates no formation of the Au thin film. For h = 4.0 nm,

the peak is shifted to 775 nm, as a result of the increment in

the NPs size, and the value of transmission at the infrared

range shows that the film was formed. However, as the

peak on 775 nm is still sharp, the Au NPs may generate

LSPPs and play an important role in the decay mechanism

due to its high electromagnetic field in its vicinity. On the

other side, a thicker film with h = 6.0 nm does not pre-

sents this sharp absorption peak due to NPs, indicating the

formation of an almost smooth film, and the transmission

around the QD exciton energy (near 1100 nm) is large

enough to ensure that enough PL intensity can be obtained,

the reason why this thickness was used in the following

experiments. It is worthwhile to mention that when above

the GaAs substrate, which has a higher index of refraction,

the absorption peak should be shifted to smaller wave-

length when compared to the glass substrate; this ensures

that no influence of the NPs on the QD energy states is

expected.

Fig. 1 Scheme representing the photoluminescence of InAs QDs in a

GaAs matrix covered and uncovered with a thin gold film of 6 nm

width. The figure also represents the competition between the

radiative decay and SPP decay for a quantum emitter placed near a

metallic film

Fig. 2 Optical transmission of light for a sample of glass covered

with a thin Au film with thickness h = 1.5, 4.0, 6.0 nm. The peak

around 500 nm is due to the bulk plasmon of Au. The absorption peak

that shifts for infrared with a 6 nm Au film made over a glass

substrate. The absorption around 800 nm corresponds to a LSPP

mode in the agglomerate of NPs
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The PL measurements were taken at 7 K with a closed-

cycle cryostat. For excitation, we used a 730 nm diode

laser guided by a multimode optical fiber with 50 lm core

to the sample, with a spot diameter of 70 lm. The optical

excitation power varied in the range of 10-3–101 mW.

However, the most robust results were obtained for a laser

power ranging from 10-1 to 101 mW. The PL emitted light

was collected by another optical fiber and guided to a

0.5 m focal length spectrometer entrance and detected by

an InGaAs photodiode detector array. Figure 3a shows the

normalized CW PL spectra of the InAs/GaAs QDs samples

measured on the region without the Au layer (on GaAs) for

different GaAs capping layer thickness. The average height

of InAs QDs is approximately 8 nm with a pyramidal shape

of 20 nm base. For GaAs capping layers larger than the

10 nm, the peak position is *1.10 eV with a linewidth in

the range of 32–38 meV. The peak position of the sample

with 10 nm capping layer is shifted to 1.08 eV and the with

a linewidth of 45 meV. The QDs capped with 10 nm of

GaAs are fully capped [16], but the strain field that remains

on the 10 nm layer shifts the QD ground state to lower

energies. The large surface potential (around 5 eV) does

not affect significantly the energy levels of the QDs. The

reduction in the emission intensity for the 10 nm capped

sample is due to the strong nonradiative recombination at

the GaAs/air surface. The lifetime of carriers of the QDs is

shortened also due to the nonradiative recombination at the

surface. The charge transfer between the QDs and the

surface states decreases significantly for GaAs capping

layers larger than 20 nm.

For a comparison, Fig. 3b shows the PL spectrum for

the sample with d = 50 nm at both regions, with and

without Au layer, at 5 mW (120 W/cm2) laser power. The

peaks at 1.17 and 1.24 eV are the first and second QD

excited states [17]. To ensure that the distribution of QDs is

almost the same when the laser is on both regions, we

observe that at the edge of the film, as shown in Fig. 1, the

integrated signal decreases monotonically to a constant

plateau. The first signature of interaction between the SPPs

and the QDs is the change in the ratio of the signal from

first excited to ground state QD energy when the laser is

focused onto the Au layer. The presence of the Au film

induces a more pronounced formation of the first excited

state due to a higher coupling factor between the SPPs and

the exciton than for the ground states. The reason for the

higher value of the coupling factor is that mesoscopic

effects of the exciton wavefunction play a major role for

excited states [18].

To show that this coupling influences not only the

relaxation mechanisms of the carriers in the GaAs matrix,

using the same setup as before, we also performed TRPL

investigations by setting the 730 nm diode laser to pulsed

mode with a 70 ps pulse width and a repetition frequency

of 80 MHz. The lifetime measurements were performed

following the peak position of ground state as function of

excitation power. The internal response function (IRF) of

the system was measured, with a resolution to better than

100 ps.

Figure 4 shows a single measurement of TRPL signal

for sample with d = 30 nm thick GaAs, at a laser power of

1 mW, measured on GaAs and on Au regions. In this plot,

we show that the decay slope for measurements on GaAs is

lower than that on gold, which means a higher lifetime of

carrier recombination. The instrument response function of

the system is also present, and its lower intensity peak

around 4 ns coincides with the shoulder on the Au data.

Fits of decay slopes were performed (not shown here) in

order to acquire the lifetime.

The results obtained for the lifetime of the ground state

energy in the QD are shown in Fig. 5 for the region without

(a) and with (b) the Au film. The data were taken for laser

power varying from 100 lW (0.2 W/cm2) to 5 mW

Fig. 3 a Normalized PL signal for samples between d = 10 nm to

50 nm of GaAs capping layer thickness without Au film taken at

10 lW laser power; b PL spectrum for d = 50 nm thick sample, at

5 mW laser power, measured on GaAs (black line) and on Au (red

line) regions. The peak at 1.09 eV corresponds to the ground state and

the peaks at higher values are due to the excited states
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(120 W/cm2), where the signal was high enough. The first

excited state does not play an important role in the decay

mechanism, as can be seen in Fig. 5a where the lifetime of

the ground state is almost constant in the laser power range

used in our experiments. The same argument is true also

for the region where the Au film is present.

The decrement in the lifetime of the ground state can be

explained by the coupling with the SPPs supported by the

metallic film [15]. The important decay channels are the

rate of exciton recombination with the creation of a photon

Crad (radiative channel), and into the GaAs surface states

CGaAs and SPPs CSPP which constitutes a nonradiative

channel, since the SPPs are free to propagate along the film

they are not detected by our PL system. The total decay

rate CT for the exciton is given by

CT ¼ Crad þ CGaAs þ CSPP; ð1Þ

where the decay rate into SPP modes is given by the Fer-

mi’s golden rule

CSPP ¼
2p
�h
g2ðDÞqð�hx ¼ DÞ: ð2Þ

In Eq. 2, q(e) is the local density of states of SPPs in the

metallic film while g(D) is the coupling factor between

SPPs and the exciton ground state in the QD. The ground

state energy of the QD is assumed to be D. We obtained the

coupling factor using an approach analogous to that given

in [10]; in Fig. 6a, the result obtained for each cap layer

thickness d is plotted as a function of the quantum emitter;

the vertical dashed line is a guide to the eye for the QD

ground state energy.

The competition between the SPP and surface states

mechanisms is more evident for a sample with d = 10 nm.

However, for the samples with d = 20–50 nm the exciton

relaxation is not very sensitive to this mechanism. For

these samples, we see that as the cap layer increases the

ratio in the lifetime at the regions with and without Au film,

as shown in Fig. 6b, approaches a constant value. It is a

strong evidence that SPPs play a major role in the

recombination mechanism of the excitons in the QDs. This

is more pronounced in the sample with d = 20 nm than in

the lifetime decay for d = 50 nm, as expected by the

decrement of the evanescent electromagnetic field of the

SPPs and expressed as a decrease in the coupling factor

shown in Fig. 6a.

3 Conclusion

We have shown an easy way to probe the interaction of

excitons confined in a QD with SPP modes supported by a

thin metallic film of Au. The main result is that the lifetime

of the ground state decreases when compared to a sample

Fig. 4 TRPL decay curves for d = 30 nm thick sample, at 1 mW

laser power, measured on GaAs (black line) and on Au (red line)

regions. The measured IRF of the system is shown in light gray line

Fig. 5 Lifetime data of the QD ground state extracted form TRPL

decay curves for the samples for d = 10 to 50 nm cap layer as a

function of laser power. The results are given for the regions without

(a) and with (b) the Au film at the ground state
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without the Au film. As expected by the theory that indi-

cates an evanescent SPP electromagnetic field into the

region where the QDs are placed, the influence of SPP on

the lifetime decreases as the distance between the QDs and

metallic film increases. We also observed a decrease in the

exciton PL signal which is due to the excitation of the

guided modes; then, this same approach may be useful for

the design of an optical device which couples light to SPP

without the use of plasmonic antennas and at a much

smaller linewidth. Better linewidth precision of the SPPs

could be obtained by using QWs instead of QDs. Another

result that we have not discussed here is that the ratio

between the first excited state to ground state PL has a

strong modification when we compare the samples with

and without the Au film. This shows that the coupling to

first excited state is stronger than to the ground state. The

lifetime of these states was not investigated since it is

below the limits of our equipments; however, this opens up

a path for future investigations.
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Núcleo de Apoio à Óptica e Fotônica (NAPOF-USP), as well as

technical support of NanoPlasmonics group. We are also grateful to

the Brazilian agencies CNPq under Grant number 140152/2011-3,

FAFQ, FAPESP under Grant 2013/07276-1 and CAPES for financial

support.

References

1. H.A. Atwater, The promise of plasmonics. Sci. Am. 296(4),
56–63 (2007)

2. E. Ozbay, Plasmonics: merging photonics and electronics at

nanoscale dimensions. Science 311(5758), 189–193 (2006)

3. C.-Y. Jin, O. Wada, Photonic switching devices based on semi-

conductor nano-structures. J. Phys. D. Appl. Phys. 47(13),
133001 (2014)

4. D.E. Chang, A.S. Sørensen, E.A. Demler, M.D. Lukin, A single-

photon transistor using nanoscale surface plasmons. Nat. Phys.

3(11), 807–812 (2007)

5. S.A. Maier, M.L. Brongersma, P.G. Kik, S. Meltzer, Ari A.G.

Requicha, Harry A. Atwater, Plasmonics-A route to nanoscale

optical devices. Adv. Mater. 13(19), 1501–1505 (2001)

6. H. Raether, Surface Plasmons on Smooth and Rough Surfaces

and on Gratings Springer Tracts in Modern Physics, vol. 3

(Springer, Berlin, Heidelberg, 1988)

7. D.K. Gramotnev, S.I. Bozhevolnyi, Plasmonics beyond the

diffraction limit. Nat. Photonics 4(2), 83–91 (2010)

8. Z.M. Wang, A. Waag, G. Salamo, N. Kishimoto, Nanoscale

Photonics and Optoelectronics, Lecture Notes in Nanoscale

Science and Technology (Springer, New York, 2010)

9. B.S. Passmore, D.C. Adams, T. Ribaudo, D. Wasserman, Stephen

Lyon, Paul Davids, Weng W. Chow, Eric A. Shaner, Observation

of Rabi splitting from surface plasmon coupled conduction state

transitions in electrically excited InAs quantum dots. Nano Lett.

11(2), 338–342 (2011)
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