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Controlling the charge environment of single quantum dots in a photonic-crystal cavity
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We demonstrate that the presence of charges around a semiconductor quantum dot (QD) strongly affects its
optical properties and produces nonresonant coupling to the modes of a microcavity. We show that, besides
(multi)exciton lines, a QD generates a spectrally broad emission which efficiently couples to cavity modes. Its
temporal dynamics shows that it is related to the Coulomb interaction between the QD (multi)excitons and
carriers in the adjacent wetting layer. This mechanism is suppressed by the application of an electric field,

making the QD closer to an ideal two-level system.
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The study of single quantum dots (QDs) embedded inside
photonic-crystal (PhC) cavities or micropillars has been the
subject of an intense interest for both fundamental science
and applications.! Indeed, the discrete energy structure in a
QD makes it a semiconductor equivalent of an atomic system
and allows solid-state implementations of cavity quantum
electrodynamic experiments, with applications to single-
photon sources, entanglement generation, and quantum com-
puting. However, the microphotoluminescence (micro-PL)
experiments performed on QDs coupled to optical micro-
cavities have revealed a phenomenon contradicting the ideal
atom-in-a-cavity model: the cavity mode emission was ob-
served despite the lack of an excitonic transition in resonance
with the mode.”!3 As the cavity emission was observed to
provide a classical photon statistics,? this behavior under-
mines applications of QDs to quantum information process-
ing, for example, reducing the purity of single-photon
sources. So far, several physical mechanisms have been
evoked to explain this observation: dephasing
processes,® %19 a continuum in the hole states,* and a con-
tinuum due to a mixing between s and p states.’ Experimen-
tal results have provided evidence of the role of dephasing in
nonresonant coupling to cavity modes in the case of small
detuning (1-3 meV).>!!=13 In this Rapid Communication, we
show the existence of a second process which provides non-
resonant coupling at much larger detunings (up to 10 meV).
It originates from the Coulomb interaction between the car-
riers in the wetting layer (WL) and the multiexcitons in the
QD, which generates a spectrally wide emission coupled to
the mode. We support this interpretation by investigating the
dynamics of the QD-cavity system. Additionally, we show
that the charge environment around the QD can be controlled
by the application of an electric field, which brings our sys-
tem closer to an ideal two-level system.

We investigate InAs self-assembled QDs in PhC cavities,
although we expect that our conclusions also apply to other
types of cavities, such as micropillars and microdisks. A typi-
cal low-temperature (5 K) emission spectrum from a L3 cav-
ity (three missing holes'#), as measured in a microphotolu-
minescence setup, is shown in the inset of Fig. 1. The
sample, grown by molecular beam epitaxy, consists of a 320-
nm-thick GaAs membrane on top of a 1.5 um Alj,Gajy3As
sacrificial layer. A  single layer of low-density
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PACS number(s): 78.67.Hc, 42.70.Qs, 71.35.Cc, 78.55.Cr

(5-7 dots/um?) self-assembled InAs QDs emitting at
1.3 um at low temperature is embedded in the middle of the
membrane.'4

A strong cavity mode emission with a quality factor of
11 500 and two sharp lines associated to single QDs are ob-
served (inset of Fig. 1). The PL decay was measured by
time-correlated fluorescence spectroscopy using a gain-
switched 750 nm pump laser, a fiber-based tunable filter, and
a superconducting single-photon detector,'> providing com-
bined spectral and temporal resolutions of 0.8 nm and 150
ps, respectively (Fig. 1). The excitonic line QD1 (QD2) has a
monoexponential decay with a lifetime of 2.6 ns (3.1 ns),
longer than the intrinsic radiative time of 1.1 ns,'® due to the
low available optical density of states in the off-resonant
cavity. In contrast, the cavity mode emission has a biexpo-
nential decay with a fast lifetime of 0.4 ns and a slow life-
time of 1.3 ns. 85% of the cavity mode emission comes from
the fast decay which is clearly distinct from the decay of the
excitonic lines QD1 and QD2. This behavior, typically ob-
served in our samples for all the investigated detunings
(2-10 nm) and already reported in Ref. 14, shows that in
these structures the cavity mode emission cannot be due to
the homogeneous broadening of the excitonic lines. Indeed,
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FIG. 1. (Color online) Time resolved experiments of the cavity
mode and off-resonance QDs. Inset: spectrum of a L3 PhC cavity,
under pulsed excitation (A=750 nm, average pump power
P,,=0.4 uW in a 2 pm diameter spot), showing the cavity mode
emission and two off-resonance excitonic lines from QDs. The fits
of the experimental decays are shown in black.
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in the latter case both lines would mirror the decay of a
single emitter resulting in the same dynamics.'?

We instead propose that the off-resonant cavity peak is
pumped by a spectrally wide emission (to be referred to as
“background”) due to radiative recombination of QD
(multi)excitons, dressed by the Coulomb interactions with
carriers in the wetting layer. Such emission, also previously
reported,' 720 is strongly enhanced by the cavity coupling, as
also confirmed by the fast lifetime observed in Fig. 1(b). In
order to gain more insight in the carrier dynamics within a
QD, we have investigated the PL decay of a QD in the ab-
sence of a cavity. To this aim a layer of low-density QDs was
grown in a \/2 planar cavity,?' providing increased coupling
into the collection objective with negligible alteration of the
spontaneous emission rate. Small (1 um?) apertures in a
gold mask were processed to isolate a single QD. Figure 2(a)
shows the time-integrated spectrum of a single QD under a
P,,=6 uW excitation at 6 K. Single lines associated to neu-
tral or charged multiexcitonic states are clearly observed to-
gether with a broad background emission, which extends
over >10 nm, depending on the excitation density. Figure
2(b) shows a streak-camera-like image of the PL decay at
different wavelengths, obtained by scanning a tunable fiber
bandpass filter (full width at half maximum of 0.3 nm) and
measuring the decay at each wavelength by time-correlated
fluorescence spectroscopy.

In the first phase of the decay (<1 ns), a continuous
emission and featureless is observed from 1286 to 1308 nm.
Then, from 1 to 3 ns, the emission is still broad but the
intensity of the emission is stronger around 1295 nm where
the majority of the single lines are observed. After 3 ns, the
background emission progressively disappears and, at the
end, the QD emission comes mainly from the single lines of
the QD. The decays at two different wavelengths, corre-
sponding to a single line (1295.5 nm), attributed to a
biexciton?” and to the featureless background (1306.5 nm),
are also shown in Fig. 2(c) in a logarithmic scale. The biex-
citon emission is clearly delayed as compared with the back-
ground: the maximum of intensity is reached after 1.2 ns for
the background emission and 2 ns for the biexciton. The
delayed biexciton emission suggests that (multi)excitonic
lines take place after recombination of carriers in the two-
dimensional WL continuum, which supports our interpreta-
tion of the origin of the background emission. This behavior
also agrees with the anticorrelation between excitonic line
and cavity mode observed in Ref. 2. Moreover, as shown in
Fig. 2(c), the decay of the cavity mode studied in Fig. 1
under a P,,=4 uW excitation clearly reproduces the back-
ground decay. This confirms the fact that the cavity mode is
pumped by the background and indicates that the biexponen-
tial decay of the mode is due to a biexponential decay of the
background, whose origin is not clear. As shown on Fig. 2,
the background emission is a complex phenomenon, with a
frequency-dependent decay dynamics. Indeed, the different
energies within the broad emission are connected to different
charge densities and configurations of the carriers surround-
ing the QD. The temporal decay of this carrier population
leads to a reshaping of the background emission as a func-
tion of time, ultimately resulting in clean (multi)excitonic
lines.
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FIG. 2. (Color online) (a) Spectrum of a single QD and (b)
time-resolved experiments performed on the same QD. (c) Two
time-resolved PL decays from (b), corresponding to [see arrows in
(a)] the biexciton line (black dashed line) at 1295.5 nm and back-
ground emission at 1306.5 nm (red line). The measurement of the
cavity mode studied in Fig. 1 under a 4 uW excitation is also
shown (blue squares). The intensity of the cavity mode has been
normalized to fit the background emission.

In order to further support our interpretation, we investi-
gate the effect of an electric field on the emission spectrum
in a PhC diode structure under reverse bias. The diode con-
sists of a 370-nm-thick GaAs/AlGaAs heterostructure with
p- and n-contact layers on the two sides, incorporating a
single layer of low-density InAs QDs. The fabrication pro-
cess is described in Ref. 23.

The photoluminescence of a L3 PhC diode has been stud-
ied using a cw 660 nm laser (P,,=5 W) under an applied
voltage. PL spectra are presented in Fig. 3(b) as a function of
the applied voltage V, (defined as positive in reverse bias).
For a small reverse bias (0-0.5 V) a cavity mode is observed
at 1290 nm with a quality factor of 850 along with a wide
and unstructured background emission. A strong modifica-
tion of the spectrum is observed when a bias voltage >1 V
is applied: the cavity mode and the broad background disap-
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FIG. 3. (Color online) Observation of the ground state emission
of the PhC diode as a function of the bias voltage.

pear and (multi)excitonic lines (“nX”) are observed. Our
attribution of cavity and excitonic lines is confirmed by the
field dependence of their energy. Indeed, while the
cavity energy does not vary with the voltage, the
excitonic lines show a large Stark shift,>* corresponding to a
dipole moment p=1.1X102® Cm and polarizability
B=—4X1073¢ C m? V7!, close to values typically observed
for InAs/GaAs QDs. 27

The intriguing observation of the disappearance of the
cavity mode with applied field and the simultaneous appear-
ance of excitonic lines clearly indicates that the cavity peak
is associated to less confined higher-energy carriers, which
are more easily swept away by the electric field than con-
fined carriers in the QD. The observed electric-field depen-
dence confirms our interpretation of the cavity emission and,
at the same time, provides a means of controlling the QD
charge environment and thus retrieving the ideal atom-cavity
coupling.

In order to confirm that these additional carriers are in-
deed located in the WL, we have studied the WL and cavity
emission as a function of the electric field. The inset of Fig.
4 shows the micro-PL of the PhC diode over a wide spectral
range for two different voltages. At 0 V, two cavity modes
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FIG. 4. (Color online) Evolution of the wetting layer and the
cavity mode as a function of the reverse bias. Inset: emission of the
PhC cavity for V,=0 and V,=1 V.
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are observed: the studied mode emitting at 1290 nm and a
second one at 1185 nm. Additionally a strong emission of the
WL is observed at 940 nm consistent with previous observa-
tions on similar QDs.”® In contrast, with a 1 V applied bias
both the WL and cavity peaks disappear, and single excitonic
lines emerge. The integrated intensities of the wetting layer
and of the cavity mode at 1.29 um, reported in Fig. 4, show
the same dependence on the electric field confirming that
they are both related to the same population. If we assume
that the dynamics of the carriers in the wetting layer is driven
by a carrier lifetime 7, (including all field-independent radia-
tive, nonradiative, and capture processes) and a tunneling
channel with a field-dependent time constant 7;(F), the in-
tensity of the WL peak as a function of the electric field F is
given by I(F)=1y/[1+7y/ 7(F)]. In our case, the tunneling
channel 7/(F) is the tunneling rate through a triangular bar-
rier [inset of Fig. 4(b)] which equals?

eF 4\2m*
= / = CXP(— szrrier> .
4\"2"1' Vbarrier 3ehF

7\ (F)

The tunneling rate is mainly related to the escape of elec-
trons due to their smaller effective mass as compared to the
heavy holes. The experimental results are fitted using a
single fitting parameter V), and fixing m*=0.063m (with m,
as the electron mass) and 7,=400 ps,”® providing a value
V,=135 meV. The energy gap discontinuity between the
wetting layer and the bulk GaAs being equal to 200 meV, we
can conclude that V.., is the energy spacing between the
WL electron ground state and the GaAs conduction band
edge. We note that the measured temporal dynamics (not
shown) of excitonic and cavity lines in the diode structure
closely match those of standard PhC cavities (Fig. 1), show-
ing that the findings of Figs. 3 and 4, though obtained in
more complex structures, are representative of PhC cavities
in general.

Due to the multiexcitonic nature of the background emis-
sion, a cavity mode pumped by the background should be-
have like a classical emitter. The autocorrelation experiments
performed on cavity modes indeed reveal a classical
emission” under off-resonance excitation conditions similar
to those used in our experiments (excitation wavelengths of
750 and 660 nm). In contrast, single-photon emission from
the cavity peak has been observed for quasiresonant
excitation.>':13 In the latter case, few carriers are created in
the WL and the cavity mode is only pumped by the dephas-
ing processes of a single exciton line, resulting in a nonclas-
sical statistics.

In conclusion, the investigation of the dynamics of a QD-
cavity system and of its dependence on the electric field has
provided strong evidence that the a nonresonant cavity mode
can be pumped by a broad QD emission originating from the
Coulomb interaction between confined QD excitons and free
carriers in the wetting layer. The application of an electric
field removes the WL carriers and therefore brings the QD
closer to an ideal two-level system. This mechanism for
nonresonant coupling, observed here for relatively large de-
tuning, does not exclude the existence of other phenomena
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such as dephasing processes already observed for small
detuning.

After the preparation of this Rapid Communication,
Winger et al.’” reported a theoretical model, which provides
a quantitative description of the coupling of QD excitons to
WL carriers. Our data provide a direct experimental confir-
mation of the main assumption in the model of Winger et al.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 80, 241306(R) (2009)

We thank L. Lunghi (CNR) for nanopatterning of the gold
apertures and Vincenzo Savona (Ecole Polytechnique
Fédérale de Lausanne) for fruitful discussions. We acknowl-
edge funding from the EU-FP6 IP “QAP” Contract No.
15848, the Swiss National Science Foundation, the Network
of Excellence “ePIXnet,” and the Italian MIUR-FIRB
program.

'A. Shields, Nat. Photonics 1, 215 (2007).

2K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatiire,
S. Gulde, S. Filt, E. L. Hu, and A. Imamolu, Nature (London)
445, 896 (2007).

3S. Strauf, K. Hennessy, M. T. Rakher, Y.-S. Choi, A. Badolato,
L. C. Andreani, E. L. Hu, P. M. Petroff, and D. Bouwmeester,
Phys. Rev. Lett. 96, 127404 (2006).

4M. Kaniber, A. Laucht, A. Neumann, J. M. Villas-Boas,
M. Bichler, M.-C. Amann, and J. J. Finley, Phys. Rev. B 77,
161303(R) (2008).

SD. Englund, A. Majumdar, A. Faraon, M. Toishi, N. Stoltz,
P. Petroff, and J. Vuckovic, arXiv:0902.2428 (unpublished).

OA. Naesby, T. Suhr, P. T. Kristensen, and J. Mork, Phys. Rev. A
78, 045802 (2008).

7A. Auffeves, J.-M. Gérard, and J.-P. Poizat, Phys. Rev. A 79,
053838 (2009).

SM. Yamaguchi, T. Asano, and S. Noda, Opt. Express 16, 18067
(2008).

9K. Srinivasan, C. P. Michael, R. Perahia, and O. Painter, Phys.
Rev. A 78, 033839 (2008).

105, Hughes and P. Yao, Opt. Express 17, 3322 (2009).

1S, Ates, S. M. Ulrich, A. Ulhaq, S. Reitzenstein, A. Loeffler,
S. Hoeffling, A. Forchel, and P. Michler, Nat. Photonics 3, 724
(2009).

12, Suffczynski, A. Dousse, K. Gauthron, A. Lemaitre, I. Sagnes,
L. Lanco, J. Bloch, P. Voisin, and P. Senellart, Phys. Rev. Lett.
103, 027401 (2009).

13M. Toishi, D. Englund, A. Faraon, and J. Vuckovic, Opt. Express
17, 14618 (2009).

4L, Balet, M. Francardi, A. Gerardino, N. Chauvin, B. Alloing,
C. Zinoni, C. Monat, L. H. Li, N. Le Thomas, R. Houdré, and
A. Fiore, Appl. Phys. Lett. 91, 123115 (2007).

15C. Zinoni, B. Alloing, L. H. Li, F. Marsili, A. Fiore, L. Lunghi,
A. Gerardino, Yu. B. Vakhtomin, K. V. Smirnov, and G. N.
Gol’tsman, Appl. Phys. Lett. 91, 031106 (2007).

16C, Zinoni, B. Alloing, C. Monat, V. Zwiller, L. H. Li, A. Fiore,
L. Lunghi, A. Gerardino, H. de Riedmatten, H. Zbinden, and

N. Gisin, Appl. Phys. Lett. 88, 131102 (2006).

7P, Senellart, E. Peter, J. Hours, A. Cavanna, and J. Bloch, Phys.
Rev. B 72, 115302 (2005).

ng. Wu, R. D. Grober, D. Gammon, and D. S. Katzer, Phys. Rev.
B 62, 13022 (2000).

19T, Guillet, R. Grousson, V. Voliotis, M. Menant, X. L. Wang, and
M. Ogura, Phys. Rev. B 67, 235324 (2003).

208, Alén, D. Fuster, G. Mufioz-Matutano, J. Martinez-Pastor,
Y. Gonzilez, J. Canet-Ferrer, and L. Gonzdlez, Phys. Rev. Lett.
101, 067405 (2008).

21, Alloing, C. Zinoni, V. Zwiller, L. H. Li, C. Monat, M. Gobet,
G. Buchs, A. Fiore, E. Pelucchi, and E. Kapon, Appl. Phys. Lett.
86, 101908 (2005).

22C. Zinoni, B. Alloing, C. Monat, L. H. Li, L. Lunghi, A. Gerar-
dino, and A. Fiore, Phys. Status Solidi C 3, 3717 (2006).

M. Francardi, L. Balet, A. Gerardino, N. Chauvin, D. Bitauld,
L. H. Li, B. Alloing, and A. Fiore, Appl. Phys. Lett. 93, 143102
(2008).

2M. T. Rakher, N. G. Stoltz, L. A. Coldren, P. M. Petroff, and
D. Bouwmeester, Phys. Rev. Lett. 102, 097403 (2009).

P, W. Fry, L. E. Itskevich, D. J. Mowbray, M. S. Skolnick, J. J.
Finley, J. A. Barker, E. P. O’Reilly, L. R. Wilson, I. A. Larkin,
P. A. Maksym, M. Hopkinson, M. Al-Khafaji, J. P. R. David,
A. G. Cullis, G. Hill, and J. C. Clark, Phys. Rev. Lett. 84, 733
(2000).

20R. Oulton, J. J. Finley, A. D. Ashmore, 1. S. Gregory, D. I.
Mowbray, M. S. Skolnick, M. J. Steer, San-Lin Liew, M. A.
Migliorato, and A. J. Cullis, Phys. Rev. B 66, 045313 (2002).

2TE. Findeis, M. Baier, E. Beham, A. Zrenner, and G. Abstreiter,
Appl. Phys. Lett. 78, 2958 (2001).

28B. Alloing, C. Zinoni, L. H. Li, A. Fiore, and G. Patriarche, J.
Appl. Phys. 101, 024918 (2007).

298. Schulz, A. Schramm, C. Heyn, and W. Hansen, Phys. Rev. B
74, 033311 (2006).

30M. Winger, T. Volz, G. Tarel, S. Portolan, A. Badolato,
K. Hennessy, E. Hu, A. Beveratos, J. Finley, V. Savona, and
A. Imamoglu, Phys. Rev. Lett. 103, 207403 (2009).

241306-4



