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We demonstrate photon antibunching from a single lithographically defined quantum
dot fabricated by electron beam lithography, wet chemical etching, and overgrowth of the
barrier layers by metalorganic chemical vapor deposition. Measurement of the second
order autocorrelation function indicates g(z)(O) = 0.395 £+ 0.030, below the 0.5 limit

necessary for classification as a single photon source.
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Single photon emitters are important for quantum key distribution (QKD)"?, quantum
metrology, and quantum information processing applications®*. Sources of single
photons include epitaxial self-assembled quantum dots (QDs)””, colloidal quantum dots®,
single molecules’, and nitrogen vacancy (NV) centers in diamond'®'!. Of these sources,
epitaxial self-assembled QDs are attractive due to their ease of fabrication and
incorporation within other photonic structures such as optical cavities. The random nature
of the QD nucleation process, however, precludes the deterministic incorporation of a
single QD within a cavity which is necessary to create an efficient single photon source
or to perform quantum information processing operations at the single photon level. The
self-assembly process also leads to variations in QD properties such as size, strain, and
geometry which are correlated with electronic properties such as the biexciton binding
energy, the fine structure splitting, and the emission wavelength'>".

Numerous techniques have been investigated for deterministically positioning a QD

14,15 - - 16 .
*°, atomic force microscopy ', and growth in

such as growth in etched nanoholes
inverted pyramidal recesses'’. While these approaches have been shown to produce high
optical quality site-contolled QDs, they are limited in scalability due to the bottom-up
approach to fabrication — the QD properties depend critically on growth parameters and
the properties of the prepatterned substrate such as the separation between QDs in the
array and the individual pattern dimensions.

In this work, we present a novel top-down lithographic approach to the fabrication of
single QDs which utilizes a combination of electron beam lithography, wet chemical

etching of a preexisting quantum well, and regrowth of the barrier layers by metalorganic

chemical vapor deposition (MOCVD). This top-down approach to QD fabrication



enhances the degree to which individual QD properties may be engineered and provides
the site-control necessary for large-scale integration with other photonic structures.

The fabrication process begins with a base structure grown by molecular beam epitaxy
(MBE) on an undoped (100) GaAs substrate and consists of a 20-period GaAs/AlAs
distributed Bragg reflector stack, a 130 nm GaAs lower core, an 8 nm Ing,GaggAs
quantum well, and a 10 nm GaAs cap.

Electron beam lithography was performed with a scanning electron microscope with
an acceleration voltage of 30 kV and beam current of 20 pA. PMMA was used as the
electron beam resist. Regular arrays of dots were patterned in square lattices with various
pitches ranging from 500 nm to 5 pm. The dot diameters were also varied by modifying
the electron beam dose. After development, 20 nm of titanium metal was evaporated on
the sample, followed by liftoff in acetone. The metal dot patterns were then transferred
into the underlying quantum well layer using a phosphoric acid-based etchant. The etch
was timed to provide an etch depth of 25 nm. After etching, the titanium was stripped in
buffered hydrofluoric acid. Fig. 1 shows an array of 20 nm diameter QDs on a 500 nm
pitch after stripping the etch mask. Following the etching step, the barrier layers were
regrown in a low pressure MOCVD reactor and consist of a 130 nm GaAs upper core, an
80nm AlAs confinement layer, and a 10 nm GaAs cap.

Optical measurements were performed at a temperature of 4 K in a liquid helium
cryostat. A modelocked Ti:sapphire laser (795 nm wavelength, 82 MHz repetition rate)
was used as the excitation source. The pump beam was focused down to a spot size of
approximately 4 um with a 0.6 numerical aperture objective. Light emitted from the QD

was collected by the same objective and focused onto the input slit of a 0.75 m



monochromator. An internal mirror in the monochromator was used to switch between a
liquid nitrogen-cooled CCD camera for recording emission spectra, and a Hanbury-
Brown-Twiss interferometer (HBTI) for measurement of the second order autocorrelation
function. The HBTI consists of a 50/50 beamsplitter, two single photon avalanche diodes
(SPADs), and timing electronics for recording the time interval between detection events
on the two SPADs. The start-stop time intervals are recorded and binned with a
resolution of 256 ps to form a histogram that is proportional to the second order intensity
autocorrelation function.

Fig. 2 shows the emission spectrum of a low density QD array consisting of 35 nm
diameter QDs on a 2.5 um pitch at a pump power of 100 nW. Since the diameter of the
pump spot is approximately 4 pm, we can be certain that we are primarily pumping a
single QD in this array. The primary peak at 888.6 nm has a full width at half maximum
of 0.16 nm or 260 peV, significantly larger than the linewidths of typical self-assembled
QDs'®. While the origin of the larger linewidth requires further investigation, we suggest
that it may be due to spectral diffusion caused by trapped charges near the etched
interfaces of the QD'’. As shown in the inset, the linear dependence of the integrated
intensity on pump power below 200 nW suggests that this spectral line is due to emission
from a single exciton state. The smaller peaks on the long wavelength side of the primary
peak are likely due to emission from adjacent QDs in the array which are at the edge of
the pump beam. This was verified by moving the sample stage and observing the
simultaneous decay of the primary peak and increase in the intensity of the adjacent

peaks. In addition, the intensity of the adjacent peaks is very weakly correlated with



pump power in comparison to the single exciton line, making it unlikely that these peaks
correspond to emission from biexciton or charged exciton states from the same QD.

Fig. 3 shows the second order autocorrelation function measured on the single exciton
line at 888.6 nm in Fig. 2. The measurement was performed at a pump power of 175 nW.
The entrance and exit slits of the monochromator were set to pass a spectral bandwidth of
~0.1 nm to the HBTI. The count rate on each SPAD was approximately 700 Hz for the
duration of the measurement. Although the timing electronics allow us to collect data for
time separations T up to 16 pus, we show only the first few peaks around © = 0 for clarity.
The value of g?(0) can be computed by taking the area of the peak at zero time delay and
dividing by the average area of all other peaks. Performing this calculation without
subtracting the background due to dark counts on the SPADs yields g(0) = 0.395 +
0.030. This value is below the 0.5 limit necessary for classification as a single photon
source®. If background subtraction is performed, we obtain g?(0) = 0.314 + 0.029. The
remaining counts at zero time delay may be due to the weak background emission around
the single exciton line as shown in Fig. 2, as well as imperfect spectral filtering of the two
longer wavelength peaks caused by emission from adjacent QDs in the array.

In summary, we have demonstrated the first observation of single photon emission
from a novel type of lithographically defined quantum dot. The fabrication process
allows for control of the geometry, emission wavelength, and position of the QD. The
MOCVD regrowth process should allow such a QD to be easily incorporated into
photonic structures such as optical microcavities. The ability to fabricate multiple QDs
having nearly identical properties may also prove useful for generating quantum states of

light that are not possible with self-assembled QDs due to statistical variations, such as an



on-demand source of two or more entagled photons using two or more identical QDs. In
the future it may also provide a scalable approach to performing on-chip quantum
information processing.
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Fig. I An array of 20 nm diameter etched QDs on a pitch of 500 nm. The inset shows a

magnified image of a single QD.
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Fig. 2 Emission spectrum of a 35 nm QD in a 2.5 um pitch array. The inset shows the
integrated intensity of the exciton line at 888.6 nm as a function of pump power. The

solid line is a linear fit to the data below 200nW.
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Fig. 3 Second order autocorrelation function g(z)(r) measured on the exciton line at 888.6

nm in the emission spectrum of Fig. 2.
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