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Site-controlled growth of semiconductor quantum dots (QDs) represents a major advancement to

achieve scalable quantum technology platforms. One immediate benefit is the deterministic

integration of quantum emitters into optical microcavities. However, site-controlled growth of QDs

is usually achieved at the cost of reduced optical quality. Here, we show that the buried-stressor

growth technique enables the realization of high-quality site-controlled QDs with attractive optical

and quantum optical properties. This is evidenced by performing excitation power dependent reso-

nance fluorescence experiments at cryogenic temperatures showing QD emission linewidths down

to 10 leV. Resonant excitation leads to the observation of the Mollow triplet under CW excitation

and enables coherent state preparation under pulsed excitation. Under resonant p-pulse excitation

we observe clean single-photon emission associated with g(2)(0)¼ 0.12 limited by non-ideal laser

suppression. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978428]

Quantum emitters are central objects in emerging quan-

tum technologies.1 Quantum communication, for instance, is

based on single photons as information carriers.2 While sim-

ple quantum key distribution can be implemented by strongly

attenuated lasers, advanced schemes for long distance quan-

tum communication rely on entanglement distribution which

requires real quantum emitters with a non-classical photon

statistics, high photon indistinguishably and high extraction

efficiency.3 Recent experiments have shown that self-

assembled semiconductor quantum dots (QDs) are prime can-

didates to meet these requirements.4 Moreover, in contrast to

non-classical light sources relying on spontaneous parametric

down conversion,5 QDs offer the great prospect of providing

single photons on demand.4 The down-side of growing QDs

by self-assembly is randomness in position and emission

energy. This is particularly problematic when it comes to

device integration. As a result, in-situ lithography techniques

were invented to circumvent this issue by pre-selecting suit-

able QDs from a large ensemble.6,7 On the other hand, on-

chip schemes for photonic computing are usually based on

regular arrays of coupled single photon emitters, or on quan-

tum emitters integrated into regular waveguides.8,9

In order to facilitate scalable device concepts based on

QDs, different schemes for their site-controlled growth

have been developed. Prominent examples apply arrays of

etched nanoholes or inverted pyramids as nucleation centers

for the localized growth of QDs.10–13 These approaches

lead to excellent site-control of the QDs position and allows

for the device integration of spatially aligned single QDs.

However, tight site-control goes along with enhanced

impact of defect centers and non-radiative recombination

when the QDs form in close proximity to the etched

nanoholes.14 Indeed, there is a general trade-off between

site-selectivity and optical quality of site-controlled quan-

tum dots (SCQDs).15,16 Other approaches based on SCQDs

in non-planar sample geometries such as QDs embedded in

nanowires have shown promise regarding the optical quality

of the QDs,17 but offer challenges regarding their scalability

and integrability. Another promising technology platform for

the realization of site-controlled QDs in planar sample geom-

etries is based on a buried stressor.18,19 In this approach,

strain-tuning by a oxide-aperture leads to the localized forma-

tion of QDs where the number of site-controlled QDs can be

controlled by the diameter of the aperture.19,20 This approach

provides a pristine growth surface fairly separated from the

stressor and, thus, promises high optical quality of the local-

ized QDs.

In this letter, we report on the optical and quantum opti-

cal properties of single QDs grown on a buried-stressor under

strict resonant excitation. We observe the Mollow triplet

under cw-excitation allowing us to identify exciton-phonon

coupling as dominant dephasing mechanism in our system.

Furthermore, by using resonant pulsed excitation to determin-

istically prepare inversion of our two-level system, we are

able to demonstrate single-photon emission (g(2)(0)¼ 0.12).

The SCQDs were grown via metal-organic chemical

vapor deposition (MOCVD) using an n-doped GaAs sub-

strate. The fabrication process starts with the growth of a

template for subsequent etching of mesa-structures and oxi-

dation of local apertures.19 The layer structure comprises

a distributed Bragg reflector (DBR) mirror consisting of 27

pairs of k/4 thick Al0.90Ga0.10As/GaAs followed by a 30 nm

thick AlAs layer embedded into 40 nm thick AlGaAs clad-

dings. Following the initial growth step, 20–21 lm wide and

square shaped mesas are formed via reactive ion etching in

an inductively coupled plasma (ICP-RIE). The square shape

of the mesas is chosen so as to minimize the formation of

defects during overgrowth which tend to form faster on side

walls in [110] and [1–10] directions. This etching removes

the semiconductor material down to the lowest mirror pair to
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laterally expose the AlAs layer for oxidation performed at

420 �C in a H2O/N2 atmosphere. Here, in-situ optical moni-

toring of the oxidation process facilitates controlling the

aperture diameter on the scale of a few hundred nanometers.

Afterwards, the oxidized mesas are overgrown by a 50 nm

thick GaAs buffer layer followed by the site-controlled

InGaAs QDs sandwiched between the oxide aperture and an

upper AlGaAs charge-carrier antidiffusion barrier and a thin

(30 nm) GaAs capping layer (cf. Fig. 1(a)).

Our site-controlled growth is achieved by the local modifi-

cation of the free energy of a GaAs (001) surface using spa-

tially modulated strain fields caused by a partial oxidation of

the underlying AlAs layer. A crucial parameter hereby is the

aperture diameter which influences the strain distribution.19 At

aperture diameters close to 500 nm, the subsequent growth of

the strained InGaAs layer preferentially takes place at the local

tensile strain maximum directly on top of the AlAs aperture

located in the middle of the mesas. Consequently, single QDs

can be positioned in the middle of the mesas as is shown exem-

plary in the atomic force microscope image in Fig. 1(b), where

2 QDs are positioned central to the aperture with a diameter of

�700 nm. This diameter also gives the upper bound of the

alignment accuracy of SCQDs in the center of the larger mesa

structures. Even though this alignment accuracy is lower than

for SCQDs based on nanohole arrays, it is well suited for spa-

tially deterministic integration of QDs into resonant-cavity

light emitting diodes18 and into micropillar cavities with a few

lm diameter and a comparatively large lateral mode profile.

Statistical analysis shows that the probability of site-controlled

nucleation, i.e., nucleation of a QD on top of the aperture as

opposed to unwanted nucleation next to the aperture, is around

65% measured over an area of 5 lm� 5 lm relevant for device

processing of, e.g., micropillar cavities.

The sample was mounted inside a helium flow cryostat

and cooled to 5 K. A linearly polarized beam of a tunable laser

is focused onto the sample surface using a microscope objec-

tive (NA¼ 0.65), which also collects the resultant fluorescence

emitted by the QDs. Polarization suppression of the laser with

an extinction ratio of more than 6 orders of magnitude is

achieved by using a combination of a k/4–plate and two polar-

izing beam splitters. Ultimately, the fluorescence light is cou-

pled into a single mode fiber for detection. Depending on the

experimental requirements, the fiber is either directly con-

nected to a single photon counting module (SPCM) or to a

grating spectrometer with a spectral resolution of 25 leV. For

reference measurements involving non-resonant excitation we

use a laser diode emitting at 785 nm.

We pre-characterize the sample by spatially mapping

the photoluminescence emitted from QDs under non-

resonant excitation (spectral range of plotted intensity:

920–926 nm). A typical lPL map scan of a mesa with an

oxide-aperture diameter of 700 nm is presented in Fig. 2. In

addition to ensemble emission along the edges of the mesa

with the size of 20 lm (side-length), we identify five distinct

emission centers associated with QDs. The brightest emis-

sion originates from a SCQD close to the center of the mesa

structure and aligned to the oxide aperture. Interestingly, the

QD emission is spatially correlated to a local minimum of

the wetting layer emission on top of the oxide aperture (cf.

Fig. 2(b)). In general, we use this type of mapping to visual-

ize the (approximate) position of the oxide-aperture in the

pre-characterization step. Fig. 2(c) shows a lPL spectrum of

the target QD under non-resonant excitation at P¼ 1.4 lW.

The dominating line is identified as neutral exciton and has

an emission linewidth of 45 leV.

Next, we sweep the tunable resonant laser across the tran-

sition indicated in Fig. 2(c) and record the emitted fluores-

cence with a SPCM. A typical excitation spectrum at 240 nW

is shown in Fig. 2(d). The linewidth for excitation powers

below 10 nW is about 10 leV (cf. Fig. 2(e)) which indicates

the non-Fourier limited photon emission. It is still one of the

smallest values reported so far for SCQDs which supports the

appealing prospects of the buried stressor approach. The emis-

sion linewidth could possibly be further improved by either

using electrical fields to control the charge environment of the

QD21 or by reduction of lifetime of the emitter via a cavity.22

The observed two lines correspond most likely to the fines-

tructure splitting of the exciton (DEFSS¼ 18.5 leV). The

finestructure splitting could be manipulated using piezo strain

tuning. This technique has been used to suppress the finestruc-

ture splitting for generating entangled photon pairs23 and is

compatible with our planar sample geometry. Increasing the

power of the resonant laser we observe the typical saturation

behaviour of a two-level system (cf. Fig. 2(f)). Fitting the data

with I¼ I1P/(Pþ Psat) where P is the laser power, Psat the

laser power at saturation, and I1 the maximum fluorescence

intensity, we obtain the laser power at a saturation of Psat¼ 89

nW.

In order to prove that we can coherently drive the target

SCQD, we perform excitation power dependent resonance

fluorescence spectroscopy. The coherent interaction between

the light field and the QD exciton is reflected in the appear-

ance of a Mollow triplet in the emission spectrum under

strong resonant excitation. At an excitation power of 260 lW

(cf. Fig. 3(a)), the ratio between the sidepeak area and the

central peak area is around 1:3, i.e., larger than the expected

ratio of 1:2, which is probably caused by imperfect laser sup-

pression as well as pure dephasing typical of solid state sys-

tems. We fit the sum of three independent Voigts to the

spectrum fixing the linewidth of the Gaussian contribution to

the resolution limit of our spectrometer (25 leV). Observing

the spectra as a function of the laser power incident on the

quantum dot (see Fig. 3(b)) reproduces the expected linear

dependence of the F- and T-line on the amplitude of the elec-

tric field: the F- and T-line shift by �4:7860:02ð Þ leV=
ffiffiffiffiffiffiffiffi

lW
p

and 5:1260:04ð ÞleV=
ffiffiffiffiffiffiffiffi

lW
p

, respectively. The full width at

half maximum (FWHM) of the sidepeaks is given by

FIG. 1. (a) Schematic view of a fully processed and overgrown structure with

SCQD. (b) Atomic force microscopy (AFM) image of two site-controlled

quantum dots positioned over a buried stressor with an aperture diameter of

�700 nm.
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Dx ¼ 3

2
C1 þ cPD þ c0; (1)

where C1 is the spontaneous radiative emission rate, cPD is the

phonon-induced pure dephasing rate, and c0 is the non-

phonon induced dephasing rate.24 Accordingly, the sidepeaks

have been shown to be particularly susceptible to dephasing

effects and can thus be used to identify and characterize the

dephasing mechanisms.16,24,25 The extracted linewidths of the

sidepeaks as a function of the laser power are shown in

Fig. 3(c). The linear increase observed in our experiment is

consistent with pure dephasing induced by longitudinal acous-

tic (LA) phonons. Furthermore, using the y-axis intersection

and the independently measured lifetime of our emitter T1

¼ 1
C1
¼ 898641ð Þ ps (measurement not shown), we obtain a

non-phonon induced dephasing rate of c0¼ (6.0 6 1.3) leV

for vanishing pump power (i.e., cPD¼ 0).

To demonstrate the quantum nature of emission, we per-

form photon statistics measurements of our site-controlled

QDs under pulsed resonant excitation. For this purpose, we use

a mode locked Ti:Sapphire laser providing pulses with a tem-

poral width of 2 ps (FWHM) at a repetition rate of 80 MHz. A

typical spectrum of the QD under pulsed excitation is shown in

Fig. 4(a) for an excitation power of 1 lW. The single-line spec-

trum is very clean, and the remaining background around

the QD transition is attributed to imperfect laser suppression.

FIG. 2. (a) 2D lPL intensity map of a

mesa containing a SCQD (marked by a

circle) very close to its center. (b) 2D

cathodoluminescence intensity map of

the same mesa where the intensity is

obtained by integrating over the emis-

sion from the wetting layer (wavelength

interval 900–915 nm). The position of

the SCQD under study nicely correlates

with the area of reduced wetting layer

emission intensity, also indicated by a

circle. (c) Non-resonant lPL spectrum

of the QD under investigation with an

excitonic (X) linewidth (FWHM) of

45leV. (d) Resonance scan of the tun-

able laser across the X transition. (e)

Linewidth dependence on the excitation

power. (f) Excitation power dependent

resonance fluorescence intensity of the X

transition. All spectra were taken at 5 K.

FIG. 3. (a) Emission spectrum of the

target quantum dot under strong coher-

ent excitation with P¼ 260 lW (indi-

cated by the dashed vertical (yellow)

line in (b)). The characteristic Mollow-

triplet evidences the coherent light-

matter interaction under a strong pump.

Inset: Dispersive behaviour of the emis-

sion spectrum by tuning the laser across

the resonance of the bare quantum dot.

(b) Emission spectrum as a function of

the square root of the excitation power.

The Rabi splitting increases linearly

with a slope of 5:1 �4:8ð Þ leV=
ffiffiffiffiffiffiffiffi

lW
p

.

(c) Blue (red) dots: linewidth (FWHM)

of the T(F)-line as a function of excita-

tion power. A linear function Dx /
vX2

R is fit to the data giving a slope of

v¼ 0.42 (0.26).
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Interestingly, under p-pulse excitation, the QD exhibits an

increased linewidth of about 45 leV. Measuring the inten-

sity of the QD emission as a function of the laser power, we

observe a Rabi oscillation up to about a 2p pulse area (cf.

Fig. 4(b)) which is again a typical signature of the coherent

control of the excitonic two-level system. The observed

damping of the Rabi oscillation with increasing pulse area is

probably caused by the coupling to longitudinal acoustic

(LA) phonons.26,27

The excitation power dependent RF measurements

allow us to determine the p-pulse condition for which we

study the photon autocorrelation function. The correspond-

ing data is displayed in Fig. 4(c), and the strong antibunching

at zero time delay evidences single-photon emission from a

single two-level system. A fit of the raw data with a convolu-

tion of an exponential function (emitter decay) with the

Gaussian instrument response function (IRF) (Dt¼ 350 ps)

yields a g(2)(0) value of 0.12. We attribute to non-ideal value,

imperfect laser-suppression caused by the wavelength depen-

dence of the used quarter waveplate.

In conclusion, we have shown that site-controlled QDs

grown by the buried-stressor growth technique exhibit prom-

ising optical properties under resonant excitation. We evi-

dence the coherent interaction between exciton and laser field

by observing the Mollow triplet sustained up to Rabi split-

tings of 200 leV. Using resonant pulsed excitation, we prove

single-photon emission by performing an intensity autocorre-

lation measurement obtaining g(2)(0)¼ 0.12. Our results dem-

onstrate the high potential of this approach for the realization

of scalable quantum devices based on high-quality single-

photon emitters. Further development could aim at dense

arrays of site-controlled buried-stressor QDs and at their inte-

gration in microlenses for enhanced photon-extraction effi-

ciency. The buried-stressor approach is also very suitable for

the realization of micropillar lasers with a controlled number

of QDs at the anti-node of the fundamental cavity mode.
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