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Applying continuous-wave pure resonant s-shell optical excitation of individual quantum dots in a

high-quality micropillar cavity, we demonstrate the generation of post-selected indistinguishable photons

in resonance fluorescence. Close to ideal visibility contrast of 90% is verified by polarization-dependent

Hong-Ou-Mandel two-photon interference measurements. Furthermore, a strictly resonant continuous-

wave excitation together with controlling the spontaneous emission lifetime of the single quantum dots via

tunable emitter-mode coupling (Purcell) is proven as a versatile scheme to generate close to Fourier

transform-limited (T2=ð2T1Þ ¼ 0:91) single photons even at 80% of the emission saturation level.
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Novel quantum information processing schemes like
linear optics quantum computation and quantum teleporta-
tion are based on the effect of two-photon quantum inter-
ference [1] between single-photon pulses [2–6] on a beam
splitter. An essential prerequisite for the successful real-
ization of these applications is the possibility to generate
indistinguishable photons. For pulsed operation, the two
photons have to be Fourier-transform limited and identical
in terms of pulse width, spectral bandwidth, carrier fre-
quency, polarization, transverse mode profile, and arrival
time at the beam splitter. The critical ingredient to create
such ‘ideal’ photons is the initial excitation process of the
emitter, which strongly influences the coherence properties
and, consequently, the indistinguishability of the photons.
So far, indistinguishability tests by two-photon interfer-
ence have been reported from different model systems like
single atoms [7], trapped ions [8], molecules [9], and
semiconductor quantum dots (QDs) [10], all of which
were subject to incoherent preparation of their correspond-
ing radiative states.

Incoherent pumping of a solid-state single quantum
emitter typically leads to homogeneous broadening of the
excited state and therefore in a reduction in coherence time
T2. T2 can be defined via the excited state’s dephasing rate
T�1
2 ¼ ð2T1Þ�1 þ ðT�

2Þ�1, with T1 as the radiative emitter
lifetime and T�

2 as the pure dephasing time (coherence loss
without recombination). Additionally, nonradiative relaxa-
tion from the excited to the emitting state introduces time
jitter in the emission process. Recent investigations on
single semiconductor QDs [11] explicitly revealed strong
influence of incoherent optical excitation power on exci-
tonic decay dynamics and two-photon interference, dem-
onstrating reduced emission coherence and increased
photon timing jitter as a consequence of enhanced multi-
exciton state formation. Theoretically [12], both the effects
of pure dephasing and timing jitter should reduce the two-
photon interference. Therefore, true resonant s-shell exci-
tation appears crucial to generate indistinguishable pho-

tons. The challenge for resonant pumping in solid state is to
separate the exciting laser light from resonantly scattered
photons. Coherent excitation of a molecule emitting
transform-limited photons was recently realized [13], but
scattered laser background was of comparable magnitude
as the fluorescence. True resonant s-shell excitation of a
single QD was also demonstrated recently [14,15].
However, none of these papers presented two-photon in-
terference measurements.
Our single-photon generation scheme is based on indi-

vidual self-assembled ðIn;GaÞAs=GaAs QDs embedded in
a high-quality microcavity structure [16]. To ensure
Fourier-transform-limited photon emission with negligible
background we use an orthogonal excitation and detection
technique [Fig. 1(a)]. We also benefit from the Purcell

FIG. 1 (color online). (a) Experimental setups for low tem-
perature micro-photo-luminescence (�-PL), high-resolution PL
(HRPL), and photon statistics (second-order correlation gð2Þð�Þ
and two-photon interference (HOM). [(P)BS: (polarizing) beam-
splitter, FPI: Fabry-Pérot interferometer, PH: pinhole, SM: pol.-
maintaining single-mode fiber, coll: collimator]. (b) Orthogonal
excitation-detection geometry on individual micropillars; Inset:
sideview of micropillars at the cleaved sample edge.
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effect, leading to a reduction of T1 and thus reducing the
impact of possible phonon dephasing [17]. The efficient
coupling of QD emission into the cavity mode and the
enhanced photon collection from the microcavity serves to
increase the signal-to-noise ratio as a key issue for high-
visibility two-photon interference measurements. Single
microcavities are optically addressed at the cleaved edges
of our sample structure [Fig. 1(a) inset]. After spatial
filtering of the collected micro-photoluminescence
(�-PL) by a pin-hole and spectral filtering by a monochro-
mator, our setup provides high-resolution PL (HRPL;
�Eres ¼ 0:7 �eV) measurements by a scanning Fabry-
Pérot interferometer (FPI) in combination with photon

statistics in terms of gð2Þð�Þ 2nd-order correlations [18]
and two-photon interference.

Figure 2(a) shows a �-PL spectrum of a 1:75 �m pillar
cavity at T ¼ 10 K under cw p-shell excitation. The PL
peak at 1.357 eV is identified as the single neutral exciton
recombination (X) whose fine-structure splitting becomes
clearly visible in a Fabry-Pérot HRPL scan [Fig. 2(b)]. The
fine-structure splitting is �EFS ¼ 11:0� 0:2 �eV and the
FWHM of the individual fine-structure components are 7.5
and 7:6 �eV, respectively. The fundamental mode (FM) of
the cavity is mainly fed by nonresonantly coupled single
excitonic emission [19–21] and some background contri-
bution. By temperature tuning we are able to shift the X
transition into resonance with the FM of the pillar cavity.
This allows us to systematically decrease the radiative
lifetime T1 through the Purcell effect, and also enhance
the photon collection efficiency. The resonance condition
is reached at 24 K. Figure 2(c) shows the measured �-PL

decay times as a function of the QD-FM detuning �E. For
this measurement, the sample was quasiresonantly excited
(p shell) with 2 ps pulses of a mode-locked Ti:sapphire
laser (76 MHz). Nearly symmetric in detuning around QD-
mode resonance, a pronounced decrease of the decay time
from 820� 10 ps at �E ¼ 250 �eV down to 65� 10 ps
could be traced, reflecting a large Purcell factor �13.
Figure 2(d) shows the result of a cw-laser (FWHM ¼

500 kHz) resonance scan (step width �flaser ¼ 260 MHz)
over the X transition of the same single QD under synchro-
nous emission detection. This signal, composed of QD
resonance fluorescence and scattered laser light with a
high signal-to-noise ratio �5:1, reveals a well resolved
double peak structure, which nicely reflects the fine-
structure splitting �EFS already measured in HRPL under
p-shell excitation [Fig. 2(b)]. Despite a slightly increased
sample temperature of 18 K we now obtain reduced
FWHM values of the two components of only 6:1� 0:2
and 3:7� 0:2 �eV, respectively. This already indicates a
reduced dephasing with respect to p-shell excitation. The
occurrence of both fine-structure components in emission
suggests a slight tilt of the main axes of the studied QD
relative to the cleaved [110] sample edge. Otherwise, only
one FS component could be excited with the horizontally
polarized laser under side excitation. All subsequent mea-
surements were performed under pure linearly polarized
resonant excitation into the high-energy X component.
As was theoretically derived by Mollow [22], strong

resonant excitation ‘‘dresses’’ a radiative two-level state
into a quadruplet of two excited and two relaxed electronic
states. Two of four resulting radiative transitions are spec-
trally degenerate at frequency !0 ¼ !laser [Fig. 3(b)], and
the original emission channel is characteristically deco-
rated by spectral satellites !0 �� (�: Rabi frequency).

FIG. 2 (color online). (a) Low-temperature (T ¼ 10 K) �-PL
spectra from the s shell of a single QD (excited via its p shell),
showing emission close to a fundamental micropillar mode
(FM). (b) High-resolution spectra of the same QD. (c) Exci-
tonic luminescence decay time as a function of QD-FM detuning
�EðTÞ. (d) Frequency scanning signal obtained from the narrow
band cw-laser tuned over the s shell of the single QD in (a).

FIG. 3 (color online). (a) Power-dependent high-resolution PL
(HRPL) spectra observed from a single QD under cw resonant
s-shell excitation (log-scale). (b) Schematic of the evolution of a
‘‘dressed’’ state quadruplet with three nondegenerate transitions
!0 �� (Mollow-triplet) under strong resonant excitation, de-
rived from the bare transition !0. (c) Excitation power-
dependent Rabi splittings extracted from (a).
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Observation of such ‘‘Mollow-triplet’’ signatures has re-
cently been achieved from high-resolution laser absorption
[23,24] and resonance fluorescence spectroscopy [15,25]
on single QD structures. Figure 3(a) shows an excitation
power-dependent Fabry-Pérot HRPL scan series of reso-
nance fluorescence from the single QD in Fig. 2(a), ob-
served at 10 K. According to theory [22], the central peak
in a Mollow triplet includes two parts: i.e., an elastic
coherent and an inelastic incoherent scattering component.
The elastic component should dominate at very low power
and exhibit a linewidth equal to that of the exciting cw laser
(here: �500 kHz). As this cannot be resolved within the
spectral resolution (0:7 �eV) of our FPI, we expect a
sum of a convoluted delta function (coherent part) and
the incoherent contribution for the central peak. Our
measured spectra display single Lorentzian line shapes
in agreement with previous publications [14,25]. The
width of the central resonance fluorescence peak depends

on the Rabi energy �, T1, and T2, according to FWHM ¼
2=T2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ T1T2�
2

p

(see [14,25,26]). For low excitation
�2 � ðT1T2Þ�1, the FWHM approaches 2=T2. For this
low power limit, we can deduce a long coherence time of
T2 ¼ 1150� 50 ps from the experimentally observed
linewidth of 1:15� 0:05 �eV in Fig. 3(a) (bottom trace).
Notably, under these conditions the FWHM is found to be
reduced by a factor of �7 compared to the emission un-
der p-shell excitation at the same temperature [10 K;
Fig. 2(b)]. This demonstrates a pronounced reduction of
dephasing processes achievable under resonant s-shell ex-
citation and low T. Referring to a PL decay time of 630�
20 ps from our time-resolved measurements in Fig. 2(c) as
T1, we can infer a T2=ð2T1Þ ratio of 0:91� 0:05 under cw
excitation conditions. Worth noting, the ‘‘true’’ lifetime T1

should be slightly shorter than the measured decay time,
thus creating a T2=ð2T1Þ ratio even closer to the ideal value
of 1. This is because the nonradiative p-shell to s-shell
ground state relaxation time (�10–50 ps) slightly increases
the experimentally measured effective decay time with
respect to T1. We therefore conclude, that close to ideally
Fourier-transform-limited single photons with >90% fi-
delity have been generated under resonant cw excitation.

Under increasing excitation powers, symmetric satellite
peaks with increasing energy separation appear in the
resonant QD emission spectrum [Fig. 3(a)]. A large Rabi
splitting between these side and central peaks of @� ¼
26:7 �eV (�=2� ¼ 6:4 GHz) is obtained, being about a
factor of 2 larger than corresponding values recently re-
ported [15]. The side-to-central peak separation as a func-
tion of the effective Rabi frequency (proportional to the
square-root of excitation power) reveals an almost perfect
proportionality in accordance with the original theory [22]
[Fig. 3(c)].

Second-order autocorrelation measurements performed
at cw low-power resonant excitation conditions (�80%
saturation level) revealed pronounced antibunching with

gð2Þð0Þ ¼ 0:19� 0:03 [Fig. 4(a)]. Deconvolution with the

time resolution of our HBT setup (�t ¼ 400� 10 ps)

yields gð2Þð0Þ ¼ 0:08� 0:02, demonstrating the nearly
pure single-photon nature of the collected signal (back-
ground �4%) at this excitation power regime.
The laser background contribution considerably in-

creases with excitation power and finally dominates the
central feature of the Mollow spectrum. This is due to the
nonlinear absorption of a resonantly excited two-level
system (QD) which results in fluorescence emission satu-
ration, while the laser signal increases linearly with power.
For the photon correlation measurements in Fig. 4(a) as
well as two-photon interference measurements discussed
below, we therefore chose a low excitation power accord-
ing to @�� 0:9 �eV (i.e., �80% of the saturation level).
In addition, the signal-to-background ratio was improved
by decreasing the QD-FM detuning and utilizing the in-
creasing Purcell effect [see Fig. 1(c)] together with en-
hanced QD-mode coupling. Ideally, zero detuning, e.g.,
perfect matching of the QD and cavity mode should be
chosen at low temperature (T < 10 K) to avoid phonon
dephasing processes. Practically, this was not possible in
our experiment due to the limited time resolution �t ¼
400� 10 ps of our sensitive detectors and the respective
temperature (�24 K) at zero detuning. Consequently, a
detuning was chosen for which the measured T1 and T2

times were comparable to our detector time resolution.
Since we controllably reduce the QD-FM detuning by a
slight temperature increase, the T2 time decreases at the
same time due to an increased phonon dephasing. We
selected an intermediate QD-FM detuning of �E ¼
190 �eV (with T1 ¼ 560� 20 ps) where a linewidth mea-
surement in the low intensity limit [Fig. 2(d)] yields a

FIG. 4 (color online). (a) 2nd-order correlation measurement
under low-power resonant QD s-shell excitation (18 K):
gð2Þð0Þ ¼ 0:08 (deconvoluted) reflects almost background-free
single-photon emission. (b, c) Two-photon interference data
under orthogonal and parallel polarizations of the interferometer
arms, respectively. (d) Interference visibility obtained from
traces (b) and (c). Solid lines (red) in all figures: Theoretical
fits convolved with the system response (�t ¼ 400� 10 ps);
dotted lines: deconvolved fits, i.e., corrected for �t.
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FWHM of 3:7 �eV (T ¼ 18 K), corresponding to T2 ¼
360 ps. With this we achieve a signal-to-background ratio
of �20:1. The chosen detuning leads to a reduction of
T2=ð2T1Þ to 0.32. However, this does not influence the
principally measurable visibility of cw two-photon inter-
ference experiments (discussed below) since here the
maximum observable visibility is given by the ratio
T2=ð2�tÞ (�t: detector response time) [27].

Hong-Ou-Mandel-type [1] two-photon interference
measurements under resonant cw excitation were carried
out with the asymmetric fiber-based Mach-Zehnder inter-
ferometer of Fig. 1(a). Figures 4(b) and 4(c) depict the
results of the cw two-photon interference measurements

gð2Þ? ð�Þ and gð2Þk ð�Þ, describing correlations between pho-

tons with orthogonal and parallel polarizations, respec-
tively. In orthogonal configuration, the two paths are

distinguishable and one expects gð2Þ? ð0Þ ¼ 0:5, whereas in
the parallel configuration the paths are indistinguishable

and gð2Þk ð0Þ should ideally become zero [9,27]. We observe

a value of gð2Þ? ð0Þ ¼ 0:55� 0:01 and gð2Þk ð0Þ ¼ 0:22� 0:01

for the orthogonal and parallel cases, respectively. In addi-
tion, two nearly equal correlation dips down to �0:75 are
observed at � ¼ �13 ns, thus indicating a balanced beam
splitter. These dips reflect the chosen fixed path delay
between the asymmetric interferometer arms [Fig. 1(a)]
in cw measurements. The two-photon interference visibil-

ity can be defined [9,27] as VHOMð�Þ¼ ½gð2Þ? ð�Þ�gð2Þk ð�Þ�=
gð2Þ? ð�Þ. Figure 4(d) shows the visibility curve with a maxi-

mum normalized value of 0.6 (convoluted with �t) at � ¼
0. In the following we analyze and discuss the results of the
photon correlation measurements.

In a two-level coherent excitation the second-order co-

herence function gð2Þð�Þ is determined by both T1 and T2

[13,28]. Taking the analytical formula for gð2Þ? ð�Þ and

gð2Þk ð�Þ [27], the independently measured T1 and T2 times,

and a convolution of the curves with our system response
function, an excellent modelling (red curves) of all curves
in Fig. 4 is obtained simultaneously. With this we find

deconvoluted values of gð2Þð0Þ ¼ 0:08� 0:02, gð2Þ? ð0Þ ¼
0:53� 0:03, gð2Þk ð0Þ ¼ 0:06� 0:02, and a visibility of

VHOMð0Þ ¼ 0:90� 0:05, respectively. This large visibility
value of�90% demonstrates a high degree of postselective
indistinguishability of photons within their coherence time
and a nearly perfect overlap of the wave functions. Our
results show the high potential of resonance fluorescence
since the QD can be excited close to saturation without
introducing significant dephasing. Thus, long coherence
times T2 and large values of T2=ð2T1Þ are possible for the
generation of post-selected indistinguishable photons. We
envision that the experiments can be extended to include a
pulsed excitation scheme by using �-pulses to exactly
excite one bright exciton state per pump cycle. In this

scenario, the�-pulse spectral width has to be well matched
to the linewidth of QD absorption in order to optimize
the coherent excitation process and to minimize laser
scattering. Prepared by such resonant triggered pumping
conditions the QD will deterministically provide in-
distinguishable single photons with minimum timing jitter.
With the presented QD-microcavity structures, Fourier-
transform-limited single-photon generation at repetition
rates well inside the GHz regime is anticipated.
In summary, our research highlights that the resonance

fluorescence from a single semiconductor quantum dot in a
micropillar cavity is a source of nearly ideal single photons
even close to the saturation level of the QD. This type of
single-photon generation is of direct interest for several
applications in quantum information science, e.g., entan-
glement swapping [29].
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