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Single self-assembled InAs quantum dots embedded in GaAs photonic crystal defect cavities are a
promising system for cavity quantum electrodynamics experiments and quantum information
schemes. Achieving controllable coupling in these small mode volume devices is challenging due to
the random nucleation locations of individual quantum dots. We have developed an all optical
scheme for locating the position of single dots with sub-10 nm accuracy. Using this method, we are
able to deterministically reach the strong coupling regime with a spatial positioning success rate of
approximately 70%. This flexible method should be applicable to other microcavity architectures
and emitter systems. © 2009 American Institute of Physics. [DOI: 10.1063/1.3103885]

Single quantum dots coupled to optical microcavities in
the solid state are of interest for a variety of cavity quantum
electrodynamics experiments. Potential applications include
uses as quantum repeaters,1 entangled photon sources,” and
in measurement-based quantum computation schemes.**
Photonic crystal defect cavities are of particular interest due
to their small mode volumes, which enhance the electromag-
netic field density and allow for the possibility of reaching
the strong coupling regime. This advantage introduces an
additional technological challenge which is that the quantum
dot must be precisely located at the position of the antinode
of the cavity field to achieve strong coupling, usually better
than 60 nm in GaAs photonic crystals operating around
900 nm. This is made difficult by the random nucleation
locations of the quantum dots in the semiconductor structure.

Past schemes for achieving strong coupling in photonic
crystal cavities have relied largely on random chance™ and
often required the measurement of many devices before find-
ing a cavity in which a quantum dot is both spectrally and
spatially in resonance with the cavity mode. These devices
have the additional complication that the photonic crystal
cavity typically interacts with many emitters due to the large
quantum dot density required to find a strongly coupled de-
vice. A deterministic coupling method based on using atomic
force microscopy to locate the strain sites of buried quantum
dots has previously been demonstrated.”® Here, we present
an all-optical method for measuring the positions of indi-
vidual quantum dots that allows us to deterministically
achieve strong coupling between a quantum dot and a pho-
tonic crystal cavity. This versatile method can be performed
in the measurement setup at a very low quantum dot density
and could be applied to many emitter-cavity systems. Our
technique relies on the precise determination of the optical
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center of emission, similar to the biological technique of
fluorescence imaging with one nanometer accuracy9’m that
has been used to track the motion of molecular motors.

Our samples are grown by molecular beam epitaxy on a
GaAs substrate. A ten layer Aljy¢GayAs/GaAs distributed
Bragg reflector is included under the 925 nm Alj,Gag3As
sacrificial layer to enhance the intensity of the photolumines-
cence collected from the quantum dots. 65 nm of GaAs is
grown on top of the sacrificial layer. Next, the InAs quantum
dot layer is grown in the Stranski—Krastanov growth mode,
and the partially covered island method'! is used to blueshift
the center of the quantum dot emission peak to approxi-
mately 920 nm. Finally, the sample is capped with another
65 nm layer of GaAs. After identifying a region on the wafer
of suitable quantum dot density, an array of gold open-box
markers are fabricated on the surface using electron beam
lithography and a lift-off process. We work in a low quantum
dot density regime of less than 1 um™ to ensure that there is
only one quantum dot in our cavity volume with high prob-
ability.

Our positioning method relies on the fact that although
the wavelength of our scanning laser is much larger than the
required positioning accuracy, we can locate the center of the
emission pattern very precisely by accurately fitting the
emission peak and averaging over many scans. We are able
to measure the center of the emission pattern to a statistical
accuracy much better than the lateral size of the emitter with-
out resolving its shape or size. The sample is mounted in a
He-flow cryostat at 4.2 K, and a 780 nm diode laser is used
to excite carriers above the bandgap of GaAs. We both ex-
cited and collected microphotoluminescence through a high
power microscope objective which is mounted on an XY pi-
ezoelectric flexure stage with a scanning range of 100 um.
A dichroic beamsplitter directs the emission into a single
mode fiber whose output is split and sent through two
narrow-band interference filters and detected at two ava-
lanche photodiodes (APDs). We identify individual quantum
dots of interest located in suitable positions near the center of
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FIG. 1. (Color online) [(a) and (b)] Representative dot and wall scan data,
respectively. The open circles are measured data and the blue lines are fits to
the data. The inset shows a SEM image of the gold walls. (c) Histogram of
the y-position of the quantum dot relative to one of the gold walls. This set
of 106 scans Lielded a statistical uncertainty in the dot y-position of 2 nm,
given by a/\N, where o is the standard deviation of the Gaussian distribu-
tion, and N is the number of scans.

the gold boxes in our array and then use the piezoelectric
stage to perform successive scans in the X- and Y-directions
over the walls of the boxes and the quantum dot. Each scan
passes over two walls, with the quantum dot signal in be-
tween. We monitor the signal near 920 nm on one APD and
observe a peak at the location of the quantum dot. Simulta-
neously, on the other APD, we monitor the signal from the
GaAs bandgap, near 820 nm, and observe a dip in signal at
the locations of the box walls because the excitation laser is
strongly reflected by the gold.

The individual quantum dot scans are fit to a Gaussian
curve, and the wall scans are fit to a Gaussian convolved
with a square function. Example fits to the data are shown in
Figs. 1(a) and 1(b). In order to achieve high signal to noise
ratios during the scans (about 30:1 for the quantum dot sig-
nal), it was critical to use a single mode fiber in the collec-
tion path. Enough successive scans are taken in the X- and
Y-directions to build up sufficient statistics, and the mea-
sured relative positions of the quantum dot and the walls are
roughly normally distributed as shown in Fig. 1(c). The error
in the mean pos;'tion of the quantum dot relative to the wall
markers is o/\N, where o is the standard deviation of the
Gaussian distribution of positions, and N is the number of
scans. Thirty scans yields a statistical error of about 5 nm.

After the quantum dot positions are extracted, we fabri-
cated photonic crystal cavities around the quantum dot
locations using a standard electron beam lithography
procedure.12 The optimized L3-type designm’14 that we used
is shown in Fig. 2(a). The lattice parameters of each photonic
crystal cavity are adjusted so that the resonant frequencies of
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FIG. 2. (Color online) (a) Simulated electric field intensity in the modified
L3-type cavity. The color scale goes from black (zero) to white (maximum
intensity). (b) SEM image of a photonic crystal positioned near the center of
a set of four gold markers. The lines on the upper and left markers are due
to the detection procedure of the electron beam writer.
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FIG. 3. (Color online) (a) Measured density plot of the spectra as the cavity
mode is tuned into and out of resonance with the quantum dot exciton. X\,
is the uncoupled mode wavelength. The dashed lines are the calculated peak
positions which agree well with the measured positions. (b) Individual spec-
tra at different values of A, the uncoupled cavity mode detuning from
resonance in nm.

the cavities are slightly blue of the quantum dot lines of
interest. We aim to position the photonic crystal such that the
quantum dot is at the central antinode of the electric field
intensity, which has a width of about 120 nm. Using the
direct write mode of the electron beam writer, we are able to
detect the gold marks and write the photonic crystal pattern
in the electron beam resist at the desired position to better
than 30 nm accuracy as confirmed by scanning electron mi-
croscopy (SEM). The pattern is transferred into the device
layer using Cl, based reactive ion etching, and the sacrificial
layer is selectively etched with HF to create a membrane.
Figure 2(b) is a SEM image of a fabricated photonic crystal
device positioned relative to gold markers.

The same experimental setup that was used to measure
the quantum dot positions is then used to measure the cavity
properties. The only difference in the setup is that the emis-
sion is directed to a spectrometer equipped with a charge
coupled device array instead of the APDs. We used the thin-
film deposition method" to redshift the cavity toward the
quantum dot line and observed the behavior on and near
resonance. Due to variability during the electron beam write,
about half of our cavity resonances are initially spectrally
close enough to tune into resonance with the quantum dot;
this percentage could be increased using digital etching.”’
We used an excitation power of about 250 nW to probe the
system, such that our intracavity mean photon number is
about 107 to ensure that we are in the vacuum Rabi regime.
Of the devices in which we were able to tune through reso-
nance, seven out of ten showed clear anticrossing behavior in
the spectra, evidence of the strong coupling regime.

Figure 3(a) shows a measured density plot of the spectra
as a function of the unperturbed cavity mode wavelength
from one of our strongly coupled devices, together with the
calculated peak positions. As the mode is redshifted toward
the quantum dot wavelength, the two peaks repel each other,
forming polariton states, and their linewidths become equal
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FIG. 4. (Color online) g®(7) measurement under pulsed excitation taken at
the frequency of one of the polariton peaks. The peak at 7=0 has an inte-
grated area of 21% *=2% the average area of the peaks at other times,
demonstrating strong antibunching.

as seen in Fig. 3(b). The minimum energy separation AE is
related to the Rabi frequency () and the linewidths of the
cavity mode and exciton, 7y, and v,, respectively, by

AE=27LQ=2ﬁ 82—#(%»_%()25 (1)

where g is the cavity-quantum dot coupling frequency. For
the example device in Fig. 3, AE=132 weV, fiy,=53 ueV,
and fiy,=148 weV, corresponding to a Q factor of 9200
(typical devices had Q factors ranging between 8000 and
15 000). We note that the measured value for %y, is large
compared to the true linewidth as the measurement is limited
by the resolution of our spectrometer. From these values, we
calculated ig=71*4 weV, which is about 55% of its maxi-
mum value determined from the cavity mode volume and
transition dipole moment of the quantum dot.'” The reduc-
tion in coupling constant can be attributed to a slight spatial
offset of the quantum dot and cavity field maximum of less
than 50 nm due to systematic errors in the positioning
scheme and electron beam writer placement, combined with
a small polarization mismatch of the exciton and cavity
mode.'® For our devices operating in the strong coupling
regime, we calculated coupling constants between 31 and
78 wpeV, with an average value of 63 ueV.

To confirm that in the strongly coupled devices the
cavities were interacting with only one quantum dot, we
measured the second order autocorrelation function, g(z)(T) s
of one of the polariton peaks when the cavity mode and
exciton were tuned into resonance. The result for one such
system, under pulsed excitation, is shown in Fig. 4. The area
under the central peak at 7=0 is 21% *=2% of the
average area of the peaks at other times, demonstrating
that the photons emitted at the resonance frequency were
strongly antibunched and that the cavity mode was interact-
ing with only one exciton. Off-resonance, the photons col-
lected at the mode frequency displayed decreasing evidence
of antibunching.

In conclusion, seven out of ten of the devices in which
we were able to reach spectral resonance displayed clear evi-
dence of strong coupling, indicating that our positioning
method is robust and deterministic. Precisely locating the
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positions of individual quantum dots is a necessary step to-
ward realizing experiments involving networks of two or
more quantum dots, such as generating entanglement be-
tween two quantum dots coupled to a single cavity mode."
Additionally, we note that this method is inherently flexible.
A similar in situ optical lithography method applicable to
relatively large cavity structures has been used to achieve
weak coupling between quantum dots and micropillar cavity
modes.”” Because it does not require any special sample
growth method, the optical positioning method could also be
applied to many kinds of emitters, including N-V color cen-
ters in diamond, colloidal quantum dots, or fluorescent mol-
ecules in various microcavity architectures.
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