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ABSTRACT

Semiconductor quantum dots (QDs) are fascinating nanoscopic structures for photonics and future quantum information
technology. However, the random position of self-organized QDs inhibits a deterministic coupling in devices relying on
cavity quantum electrodynamics (cQED) effects which complicates, e.g., the large scale fabrication of quantum light
sources. As a result, large efforts focus on the growth and the device integration of site-controlled QDs. We present the
growth of low density arrays of site-controlled In(Ga)As QDs where shallow etched nanoholes act as nucleation sites.
The nanoholes are located relative to cross markers which allows for a precise spatial alignment of the site-controlled
QDs (SCQDs) and the photonic modes of high quality microcavites with an accuracy better than 50 nm. We also
address the optical quality of the SCQDs in terms of the single SCQD emission mode linewidth, the oscillator strength
and the quantum efficiency. A stacked growth of strain coupled SCQDs forming on wet chemically etched nanoholes
provide the smallest linewidth with an average value of 210 peV. Using time resolved photoluminescence studies on
samples with a varying thickness of the capping layer we determine a quantum efficiency of the SCQD close to 50 %
and an oscillator strength of about 10. Finally, single photon emission with associated with g”(0) = 0.12 of a weakly
coupled SCQD — micropillar system will be presented.

Keywords: Site controlled quantum dots, single photon source, microcavity, quantum dot, quantum efficiency, semiconductor
1. INTRODUCTION

One of the greatest challenges regarding the fabrication of devices based on single semiconductor quantum dots is
the precise control of the absolute QD position'. Indeed, even though tremendous progress has been achieved in
understanding the properties of QDs and integrating them into microcavities, microdiscs or photonic crystals, the
random position of self-organized QDs inhibits a large scale fabrication. Thus a great challenge regarding the
integration of QDs into devices like single photon sources’, semiconductor building blocks for information
processing®™® or electron memory modules’ ' is the precise control of the position of the QDs. Recently several groups
succeeded in the growth of site-controlled QDs and their integration into microcavities''"’, but a complete
characterization of the intrinsic parameters of these dots is still missing.

Here we report on the growth of site-controlled In(Ga)As QDs, their optical properties and their integration into high
quality microcavites for cavity quantum electrodynamics experiments. Our technology platform allows for a
deterministic fabrication of photonic devices based on single quantum dots and provides an alignment precision better
than 50 nm. Besides the technology, we will address the optical quality of the QDs which can be determined by means
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of time resolved photoluminescence. By detecting the decay rate of the QD emission as a function of the distance
between the QDs and the GaAs-air interface we extract a quantum efficiency of 50% and an oscillator strength of 10 for
the excitonic transition of site-controlled QDs. Finally, we will present cQED interaction effects between site-controlled
QDs and the photonic modes of high quality microcavites in the weak coupling regime and single photon emission from
the coupled system.

2. GROWTH OF SITE CONTROLLED QDS ON PREPATTERNED SUBSTRATES

In this section we present the growth of site controlled In(Ga)As QDs on pre-patterned GaAs substrates. The
samples were grown by molecular beam epitaxy (MBE) on (100) oriented GaAs substrates. The substrate is overgrown
with a typically 500 nm thick GaAs buffer layer to achieve a high quality surface. Afterwards large (200 pm x 200 pum)
square mesa structures and cross marks are realized by optical lithography and plasma etching in a Cl,/Ar plasma (cf.
Fig. 1(a)). The cross marks are later used to retrieve the positions SCQD for device integration'®. Next, low density
arrays of nano-holes are defined on the square mesas using high-resolution electron beam lithography (EBL) and dry
etching in a Cl,/Ar plasma or wet chemical etching (cf. Fig. 1(b)). The resist (Polymethylmethacrylat, PMMA) serves
directly as etch mask and is removed after etching using H,O, and H,SO,.

- Ig

Figure 1. Overview of the SCQD growth process. (a) Etching of large square mesas and alignment markers
(etching depth approx. 1.5 pm. (b) Patterning of nanohole arrays by electron-beam lithography and dry or wet
chemical etching. The nanohole act as nucleation centres for the SCQD and are aligned precisely with respect to the
alignment markers. (¢) Removal of etch mask (PMMA) and ex-situ cleaning of the sample. (d) In-situ hydrogen
assisted cleaning and growth of the SCQDs. Upper part: AFM image of an array of SCQDs with a pitch of 1 um.

The shallow etched nanoholes which serve as nucleation sites for the subsequent SCQD growth are aligned with respect
to the cross markers realized in the first etching step. Thus, individual SCQDs can be retrieved and integrated into single
QD based devices. After the processing of the nanohole arrays a careful ex-situ cleaning is performed. It involves a
sequence of treatments with pyrrolidon, isopropanol, sulfuric acid, hydrochloric acid, and distilled water. Then the pre-
patterned sample is transferred into the load lock chamber of the MBE growth system (cf. Fig. 1(c)), where residual
oxides are removed by a surface treatment with activated hydrogen.

Before the growth of the SCQDs growth a thin layer of 8 to 20 nm of GaAs is deposited to smoothen the nanoholes and
to obtain monolayer (ML) flat surface. The SCQD are grown under migration enhanced conditions by providing InAs
with a nominal growth rate of 0.005 to 0.01 nm/s at a substrate temperature of ~530 °C. Depending on the purpose of
the sample a single layer of SCQDs or stacked arrays of SCQDs are grown. For morphology studies of SCQDs in the
first InAs layer, sufficient InAs material is deposited to ensure QD nucleation occurs at the etched positions (cf. Fig
1(d)). Such calibration samples are left uncapped for investigations by scanning electron microscopy (SEM) or atomic
force microscopy (AFM). Fig. 1(d) (upper part) shows an AFM image of a SCQD sample with a pitch of 1 pm. The
ordered growth of the QDs with high yield (larger than 90 %) of occupied nanoholes is clearly seen. It is also
noteworthy that there is no signature of QDs at interstitial sites. For optical studies the SCQDs are capped by a GaAs
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layer with a thickness larger than 50 nm. Fig. 2 shows excitation power uPL spectra of a single SCQD. At low
excitation power we observe excitonic (X) emission. At higher excitation powers further lines appear which are
associated with the bi-exciton (XX) and p-shell (X*) emission'. The observation of this emission lines is a clear
signature of the zero dimensional carrier confinement in the SCQDs. However, the SCQD suffer from linewidths of the
excitonic transitions larger than 1 meV. This undesired feature is related to spectral diffusion due to charged carriers at
the nanohole interface.
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Figure 2. (a) Excitation power dependent emission spectra of a site-controlled QD of a sample with a single QD
layer. (b) Schematic cross section of a sample with stacked layers of SCQDs. The SEM image on top of the sketch
shows that excellent ordering of the SCQD is maintained in the stacked layers due to strain coupling of the QDs.

In order to improve the optical quality of SCQDs in terms of the emission linewidth we apply a stack growth of SCQDs
to increase the distance to the etched nanohole interface. For this purpose, the first InAs layer is separated by an 8 nm
thick GaAs layer from the nanoholes. The nominally supplied thickness of this InAs layer is chosen to be 2.5 MLs.
Afterwards, 2 nm of GaAs is deposited and an in-situ annealing step for 2 minutes at 560 °C under arsenic flow is
applied. The growth continues with the deposition of a 10 nm thick spacer layer and a second layer of InAs with a
nominal thickness of 3.3 MLs. As described above the SCQDs are left uncapped for morphologic investigations. We
have realized samples containing up to three layers of InAs in this way. The layer design of the stacked SCQD samples
is depicted in Fig. 2(b). As can be seen by the SEM image on top of the sketch, strain coupling ensures that the ordering
of the QDs is maintained during the stacked growth of SCQDs. For optical investigations a 100 nm thick GaAs capping
layer is deposited. The PCA technique was applied to all layers except the topmost in order to accomplish a spectral
detuning between the different layers to facilitate single SCQD studies.
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Figure 3. SEM images of nanoholes realized by dry (a) and wet chemical (b) etching, respectively. (¢) Single
SCQD emission linewidths for SCQD formed on nanoholes prepared by wet chemical etching (WCE) and reactive
ion etching (RIE), respectively, as a function of the distance between the SCQD and the nanohole interface.
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The samples were investigated by optical spectroscopy in order to assess the effect of a stacked growth
of QDs on their emission linewidths®’. In addition, it was studied whether dry or wet chemical leads to
better optical quality of the SCQDs. Figs. 3(a) and (b) show nanoholes realized by dry and wet chemical
etching, respectively. In case of dry chemical etching smaller nanoholes can be realized if compared to
wet chemically etched one. However, wet chemical etching provides nanoholes with smoother edges.
The optical studies revealed a pronounced dependence of the SCQD linewidths on the number of stacks
and the etching method. As can be seen in Fig. 3(c) the linewidths of the uppermost SCQD layer
decrease from values larger than 2 meV for a sample with a single QD layer down to about 0.7 meV for
a sample with three stacks and a correspondingly larger separation (32 nm) between uppermost QD
layer and the etched interface. Moreover, we found that the etching method has strong influence on the
linewidths of the SCQDs. Significantly smaller linewidths are observed for SCQDs aligned to
nanoholes realized by wet chemical etching. For this etching procedure a statistical analysis reveals an
average linewidth of 210 peV for SCQD in the second layer of a stacked sample.

3. QUANTUM EFFICIENCY AND OSCILLATOR STRENGTH OF SITE CONTROLLED QDS

In this section we will address the quantum efficiency and the oscillator strength of site-controlled QDs. For this
purpose we apply a method introduced by Drexhage, who demonstrated a modified decay rate for fluorescing molecules
close to a reflecting surface’’. Basically the method considers that the radiative decay rate is modified in the proximity
of the interface. This leads to a characteristic oscillation of the local density of optical states (LDOS) at the position of
the QDs when varying the thickness of the GaAs capping layer™ **. Consequently, the radiative decay rate of the QDs
shows also an oscillatory variation as a function of the distance z to the interface (cf. Fig. 4 (a)). In contrast, the non-
radiative decay is not affected by a change of the LDOS. Hence, time-resolved measurements on SCQD samples with
varying thickness of the capping layers allows one to extract the non-radiative (I',q4) and radiative (I"°") decay rates

of the QDs separately which allows one to determine the QE and the OS (f) of the SCQDs via

l—-hom
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Here m, denotes the electron mass, ¢ the electron charge, ¢, the dielectric constant, ¢, the velocity of light, n the
refractive index and @ the angular emission frequency.

These parameters were determined for In(Ga)As SCQDs grown by MBE on a GaAs (100) wafer as detailed above. In
addition, a distributed Bragg reflector (DBR) consisting of 6 pairs of quarter wavelength thick GaAs and AlAs layers
was included below the active layer. The DBR was designed to reflect the emission from the SCQDs to ensure
enhanced intensity in time resolved photoluminescence (PL) experiments. We prepared a sample with SCQD arrays
with a pitch of | pm and a lateral extension of 200 pm x 200 pm where the nanoholes were prepared by high resolution
electron beam lithography and wet chemical etching. The samples include two strain coupled InAs layers. The first InAs
layer does not form optically active QDs but previous studies showed its importance for the formation of the SCQDs in
the second InAs layer*.
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Figure 4. (a) Schematic view of the sample layout to determine the QE and OS under variation of the capping
thickness z. (b) PL decay curves for thicknesses of the capping layer of 72 nm and 169 nm, respectively.

Subsequent to the growth the wafer was cleaved into 13 pieces each of which contains one 200 um x 200 pm wide array
of SCQDs (pitch: 1 pm). Using wet chemical etching technique we obtained 13 SCQD samples with capping layers
between 37 nm and 283 nm by a variation of the etching time. Cross-sectional scanning electron microscopy was
applied to determine the actual thickness of the capping layer. Time-resolved PL studies were performed at 10 K in a
standard PL configuration. The SCQDs were excited by a mode-locked Ti:sapphire laser emitting 150 fs wide pulses at
a repetition rate of 82 MHz and a wavelength of 780 nm. The PL setup provides a spectral resolution of 150 peV and a
temporal resolution of 100 ps using a microchannel plate as detector.
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Figure 5. Total PL decay rate of an ensemble of SCQDs as a function of the capping layer thickness z.

To access the optical quality of the SCQDs in terms of the QE and OS we studied their decay characteristics under
variation of z for the central wavelength (930 nm) of the inhomogeneously broadened emission band. Fig. 4(b) shows
characteristic PL decay curves from SCQDs two different capping layer thicknesses (z =72 nm and 169 nm) on a semi-
logarithmic scale (detection window: (930 + 2) nm). The total decay rates of the bright excitons are obtained by fitting
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the data at short delay times with an exponential decay function (solid black and solid red/gray lines in Fig. 4(b)). We
obtain total decay rates of 1.61 ns™ for z =72 nm and 2.05 ns™ for z= 169 nm. In the same way we determined the total
decay rate for all 13 samples and plotted them in Fig. 5 versus z. As expected from theory a clear oscillatory behavior is
observed.

The QE and OS of the SCQDs were determined by comparing the measured decay rates to the LDOS following the
procedure outlined in Ref. [23]. It is important to note that in the present case the DBR stack and the buffer layers
containing AlGaAs sections must be taken into account to calculate the LDOS. From the fits of the experimental data
presented in Fig. 5 to the calculated LDOS we have extracted the decay rates I’ = (0.90 4 0.20) n~* and [, =
(0.99 + 0.20) n~1. Taking Egs. (1) and (2) into account we obtain QE = (48 + 14) % and /= 10.1 + 2.6, respectively.
The OS compares well with values on the order of 10 reported for standard InAs QDs. Even though the QE is lower
than values exceeding 90 % of self-assembled QDs* the present result is very encouraging with respect to the further
development of SCQDs. The lower QE is attributed to a tunnelling of carriers confined in the SCQD to the etched
nanohole surface and a subsequent non-radiative recombination at midgap interface states®. Thus, the QE of SCQDs
could be enhanced by optimizing the properties of the buffer layer between the SCQDs and the nanohole interface.

i€

Figure 6. SEM images of a test structure which demonstrates an alignment accuracy of about 50 nm for crosshair
markers aligned to SCQDs with a pitch of 1 pm.

4. SINGLE PHOTON EMISSION FROM A SITE-CONTROLLED QD INTEGRATED INTO A
MICROPILLAR CAVITY

In this section we describe the integration of SCQD into micropillar cavities and cQED effects as well as single
photon emission from such a system. In the present work we focus on light-matter interaction effects in the weak
coupling regime. The associate Purcell factor Fp is given by*

F, Ty Q@ |E®) 2

)

Tcavity Vmode |Emax

where 73p (Z.aiy) denotes the spontaneous emission lifetime of the emitter in bulk material (in the microcavity), O the
quality factor of the microcavity with a mode volume V.4, Enq the maximum intensity of the confined electrical field

and E(7) the fied intensity at the position 7. Moreover, we need to consider that the extraction efficiency 7, of a
micropillar based single photon source relying on cQED effects depends via
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on the Purcell factor, where Q,p is the Q-factor of the planar microcavity. Thus, it is crucial to control the position of
the emitter — the QD in our case — which should be placed at the field maximum in order maximise the Purcell factor
and the extraction efficiency, respectively. In order to position SCQD in spatial resonance with the cavity mode we
employ the cross markers defined together with the square mesas as detailed in section 2. For thin overgrowth
thicknesses a standard deviation from the target position of ~50 nm could be demonstrated by patterning crosshair
markers aligned to SCQDs as shown exemplarily in Fig. 6. This technology platform allowed for the deterministic
integration of SCQD into photonic crystal cavities®. The integration of SCQDs into micropillar cavities is very
challenging since for rather high epitaxial overgrowth thicknesses of the upper DRB as needed for micropillar cavities
the alignment procedure is complicated by the smeared out edges of the alignment marks. Nevertheless, because these
deviations occur in a symmetric way we can still obtain a reasonable good alignment even after a DBR section of 2 pm
thickness. The alignment accuracy was tested for reference micropillars for which SCQDs have been positioned at the
top facet of the structure. Fig. 7(a) shows an SEM of such a micropillar with an SCQD placed nominally in the center of
the upper facet. It is clearly seen that an alignment accuracy better than 100 nm can be achieved for this process.

Figure 7. (a) SEM of a reference micropillar with a single positioned SCQD (indicated by an arrow). (b) SEM
image of an array of fully processed micropillar, each of which contains a single positioned SCQD in the active
layer.

We will now address the growth and optical properties of SCQDs integrated into micropillar cavities. In order to
optimize the optical quality of the SCQDs, three layers of InAs were stacked on top of the nanoholes. As confirmed by
atomic force microscopy (AFM) image on uncapped SCQDs, well ordered QD arrays have been obtained also for three
stacked InAs layers (not shown)?’. The growth of the SCQD on the nanohole arrays was initiated by an 8 nm thick
GaAs buffer layer followed by the first InAs layer. The second and third InAs layers were separated by a barrier with a
thickness of 10 nm each. Both, the first and the second InAs layer were capped by 2 nm of GaAs followed by an in-situ
annealing step at 560 °C for 2 minutes. This particular growth routine shifts the emission of the QDs in the first and
second layer towards higher energies which allows us to spectrally detune their emission from those SCQDs located in
the topmost third layer envisaged for the coupling to the resonator’®. cQED interaction effects are demonstrated in a
spatially resonant SCQD-micropillar cavity system. For this purpose we integrated a stack of three InAs layers as
described above in the active region of a planar AlAs/GaAs microcavity structure. The one-A GaAs cavity is
sandwiched between 25 AlAs/GaAs mirror pairs in the bottom DBR and 12 mirror pairs in the top DBR. Afterwards
arrays of micropillars with deterministically placed SCQD were patterned using high-resolution electron beam
lithography and plasma etching in an ECR etching system. Fig. 7(b) shows an SEM image of an array of such SCQD-
micropillar cavities.

Proc. of SPIE Vol. 7947 794702-7

Downloaded from SPIE Digital Library on 09 May 2011 to 192.38.67.112. Terms of Use: http://spiedl.org/terms



Spatially resonant QD-micropillar systems were investigated at low temperature (10 to 50 K) by means of micro-
photoluminescence (uPL) spectroscopy. Each processed micropillar with a diameter below 2 pm patterned on a SCQD
array with a period of 1 pm is expected to contain with high probability > ~90 % only one single SCQD emitting at
about 960 nm. cQED effects are investigated by temperature tuning of single SCQD emission lines through resonance
with the cavity mode of a micropillar with a diameter of 1.0 pym and a Q-factor of 1700. The corresponding pPL
intensity map is depicted in Fig. 8. From this plot it is obvious that the X transition of the SCQD is already resonant
with the fundamental cavity mode at low temperature, whereas the X+ transition can be tuned through the resonance by
increasing the temperature. The characteristic enhancement of emission on spectral and spatial resonance is a clear
signature of a weakly coupled SCQD-micropillar cavity system. We attribute the occurrence of several emission lines in
a spectral range of a few meV to the excitonic (X), positively charged (X") and the biexcitonic (XX) emission of one
single SCQD, as supported by power dependent measurements (not shown). We would like to point out that the cavity
emission is almost absent under weak excitation conditions when no transition line of the SCQD is on resonance with
the cavity mode. This is a clear advantage of the SCQD-microcavity system. Indeed, microcavites with standard self-
assembled QDs suffer typically from strong uncorrelated background emission from a large number of off-resonant
QDs illuminating the cavity mode which is detrimental with respect to single photon sources with a low multiphoton
emission probability.
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Figure 8. pPL intensity map showing the temperature tuning of single SCQD emission lines (X, XX and X)
through resonance with the fundamental cavity mode of a micropillar with a diameter of 1.0 um and a Q-factor of
1700. Red colour indicates high intensity. On resonance a strong enhancement of emission is observed due to the
Purcell-effect.

Finally we prove the feasibility of a coupled SCQD-micropillar system to act as a single photon source. For this
purpose, we performed photon autocorrelation measurements using a fiber coupled Hanbury-Brown and Twiss setup.
The SCQD are excited by a mode locked Ti:Sapphire laser in fs-mode at a repetition rate of 82 MHz which was tuned to
an emission wavelength of 760 nm. The photon statistics of the cavity emission was probed for X being on resonance
with the cavity mode. The corresponding second order autocorrelation function g”(7) is presented in Fig. 9. The system
shows pronounced antibunching as expected from a non-classical light source. In fact, the observed value of g”(0) =
0.12 < 0.5 is a clear signature of single photon emission with a low multi-photon emission probability. This is result is
very promising with respect to the application and integration of SCQD in scalable quantum light sources.
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Figure 9. Photon autocorrelation function g(z) (7) of a single SCQD transition (X", cf. Fig. 9) on resonance with the
fundamental cavity mode of a micropillar cavity with a diameter of 1.0 um and a Q-factor of 1700.

5. CONCLUSIONS

In conclusion we have demonstrated the growth of site-controlled InGaAs QDs. The SCQDs nucleate on shallow etched
nanohole arrays which are positioned with respect the cross markers in order to retrieve the dot positions for device
integration with an alignment accuracy better than 50 nm. An optimized growth procedure based on wet chemically
etched nanoholes and a stacked layers of strain coupled SCQD allowed us to demonstrate a highly order formation of
QDs with high yield and enhanced optical properties in terms of the single QD linewidths and the quantum efficiency
which is as large as 50 % for the present technology. The SCQDs were integrated into micropillar cavities to obtain
spatially and spectrally resonant systems which feature light-matter interaction effects in the weak coupling regime and
clear single photon emission associated with g?(0)=0.12. These results are very promising with respect to future
scalable and deterministic quantum light sources and they will pave the way for electrically pumped single photon
sources based in SCQDs, strongly coupled SCQD — microcavity systems and microlasers with a defined number of
emitters in the active layer.
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