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We demonstrate a quantum dot single photon source at 900 nm triggered at 100 MHz by a
continuous wave telecommunications wavelength laser followed by an electro-optic modulator. The
quantum dot is excited by on-chip-generated second harmonic radiation, resonantly enhanced by a
GaAs photonic crystal cavity surrounding the InAs quantum dot. Our result suggests a path toward
the realization of telecommunications wavelength-compatible quantum dot single photon sources
with speeds exceeding 1 GHz. © 2011 American Institute of Physics. 关doi:10.1063/1.3556644兴
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neous broadening is around 40 nm, preventing multiple dots
from having resonances at the same frequency.
Finite difference time domain simulations of the electric
field components 共TE-like resonance with electric field primarily in the plane of the photonic crystal slab兲 are shown in
Fig. 1共c兲. A reflectivity spectrum of the cavity showing a
resonance at ⬃1500 nm, measured with a broadband source
in the cross-polarized configuration 共as in our previous
work15兲 to maximize signal to noise, is shown in Fig. 1共b兲. A
Lorentzian fit gives a cavity Q of 7000. GaAs has a noncentrosymmetric cubic crystal lattice with 43̄m symmetry; the
only nonzero elements of the bulk 共2兲
ijk tensor have i ⫽ j ⫽ k.
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Single quantum emitters such as nitrogen vacancy
centers,1 molecules,2 semiconductor quantum dots,3 and
atoms4 emit antibunched light suitable for communications
requiring single photons.5,6 Among these systems, semiconductor quantum dots have the highest emission rates and can
be most easily integrated with semiconductor technology, including microcavities with high quality factor, small volume,
and directional emission that increase the emission rate, efficiency, and indistinguishability of the generated single
photons.3,7
However, the generation rate of demonstrated optically
triggered quantum dot single photon sources has been limited by excitation 共Ti:sapphire兲 lasers to around 80 MHz.3
Electrical excitation8,9 can circumvent this; however, resonant optical excitation7 improves the indistinguishability of
output photons, and many desirable microcavity structures
such as photonic crystal cavities have geometries that are
challenging to pump electrically.10 Furthermore, while telecommunications wavelengths are desirable for transporting
photons over long distances, excitation and emission in many
quantum dot materials systems, determined by material parameters, occurs at much shorter wavelengths.
Recently,11,12 we demonstrated that photonic crystal
cavities fabricated in III-V semiconductors with large 共2兲
nonlinearities can greatly enhance nonlinear frequency conversion efficiency, as a result of light recirculation inside an
ultrasmall volume. Here, we apply a similar approach to excite a single InAs quantum dot 共with transitions ⬃900 nm兲
using a commercially available telecommunications wavelength 共⬃1550 nm兲 laser that can serve as a trigger at gigahertz speeds when paired with a lithium niobate electro-optic
modulator.
A scanning electron microscope 共SEM兲 image of the
three-hole linear defect photonic crystal cavity13 is shown in
Fig. 1共a兲. The structures are fabricated in a 164 nm thick
GaAs membrane using e-beam lithography, dry etching, and
HF wet etching of the sacrificial layer beneath the membrane, as described previously.14 Quantum dots are grown by
molecular beam epitaxy in the center of the membrane. The
cavity axis is oriented along a 关011兴 crystal direction. The dot
density is ⬍10 dots/ m2, and the quantum dot inhomoge-
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FIG. 1. 共Color online兲 Photonic crystal cavity design and fabrication. 共a兲
SEM image of fabricated suspended membrane photonic crystal cavity.
Scale bar indicates 1 m. 共b兲 Reflectivity measurement of fundamental
cavity mode. Lorentzian fit gives Q of 7000. 共c兲 共i兲 and 共ii兲 simulated electric field components for fundamental mode of L3 photonic crystal cavity,
used for resonantly enhanced upconversion. 共d兲 共i兲 and 共ii兲 electric field
patterns for TE mode closest to emission frequency of quantum dot. The low
Q 共⬍100兲 mode is formed through weak confinement of an air-band mode.
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FIG. 2. 共Color online兲 Characterization of single quantum dot excited with
on-chip-upconverted 1500 nm laser. 共a兲 Spectrum measured from CW second harmonic excitation of quantum dot. Inset: Streak camera measurement
of quantum dot lifetime. Counts were summed over spectral window indicated by box. 共b兲 Photon correlation measurement of quantum dot emission
under frequency doubled CW 1550 nm excitation. Fit gives g共2兲共0兲
= 0.43⫾ 0.04.

Since normally incident light couples to the TE-like photonic
crystal cavity mode 关Fig. 1共c兲, with dominant Ex and Ey inplane field components兴, the generated nonlinear polarization
共and accordingly second harmonic, as described in Ref. 11兲
is ẑ-polarized, i.e., transverse magnetic-like 共TM-like兲 mode.
For a photonic crystal, this corresponds to guided resonances
in the TM-like air-band.11 The second harmonic at 750 nm
is used to excite the quantum dot above the GaAs band
gap. Anisotropy of the quantum dot causes the dot to emit
with TE polarization; at the quantum dot wavelength
共⬃900 nm兲, the photonic crystal supports an optical 共airband兲 TE-like mode 关Fig. 1共d兲兴, weakly localized by the perturbation from removing and shifting holes near the cavity.
A tunable telecommunications wavelength continuous
wave 共CW兲 laser 共Agilent 81989A, 1463–1577 nm兲 is
coupled into the fundamental high-Q mode of the cavity.
Photons upconverted in the cavity through second harmonic
generation excite the quantum dot above band; the emitted
single photons from the dot are spectrally filtered and sent to
a spectrometer or Hanbury Brown–Twiss 共HBT兲 setup, in
which photons are split by a 50/50 beamsplitter to two single
photon counters,3 for photon statistics analysis. The telecom
wavelength laser can also be modulated for triggered single
photon source operation. For direct recombination lifetime
measurements of the quantum dot, we alternatively use an
ultrashort pulse 共3 ps兲 Ti:sapphire laser to excite the dot and
a streak camera for detection.
CW excitation is shown in Fig. 2. Figure 2共a兲 shows the
photoluminescence spectrum measured when the CW
tunable laser, on resonance with the cavity mode 共at
⬃1500 nm兲, is normally incident on the structure. Spectral
filters are used to create an effective bandpass filter 共⬃5 nm

full width at half maximum兲 centered at 898 nm. The measured counts from the two strongest lines 关red box, Fig. 2共a兲兴
both show linear dependence on pump power at low optical
power; we believe these may be different charge states of the
single-exciton.16
To determine the maximum speed at which the system
can be modulated, we perform an independent experiment
directly measuring the dot lifetime with a streak camera 共2 ps
timing resolution兲, using a Ti:sapphire laser at 750 nm with
80 MHz repetition rate and 3 ps pulses to excite the dot 关Fig.
2共a兲, inset兴. To accumulate sufficient counts, data from peaks
shown in the red box in Fig. 2共a兲 were summed. The data
were fit to a monoexponential decay with time constant
2.4⫾ 0.1 ns 共where given error is one standard deviation兲.
To verify that the upconverted light from the CW tunable
laser could be used to efficiently excite a single quantum dot,
we perform a photon correlation measurement of the signal
collected through our spectral filter 关Fig. 1共a兲兴 at ⬃898 nm
共quantum dot emission wavelength兲 using the HBT setup.
Figure 2共b兲 shows the histogram of coincidence counts as a
function of time delay  between the two detectors. The data
were fit to the unnormalized correlation function G共2兲共兲
= 具I共t + 兲I共t兲典 = A关1 − 关1 − g共2兲共0兲兴e−兩兩/0兴,16 where A, 0, and
g共2兲共0兲 are fitting parameters, and 1 / 0 = ⌫ + r p, where ⌫ is the
spontaneous emission lifetime and r p is the pump rate. The
symmetric antibunching in coincidence counts at zero time
delay g共2兲共0兲 = 0.43⫾ 0.04, normalized such that g共2兲共⬁兲 = 1,
indicates emission primarily from the same initial state of a
single quantum dot 关since g共2兲共0兲 ⬍ 0.5兴.16 Background subtraction for a signal to noise ratio of S / N ⬇ 10 gives g共2兲共0兲
= 0.31⫾ 0.05. An exponential fit to the central antibunching
dip gives a decay rate of 2.3⫾ 0.2 ns; by comparison with
independent lifetime measurements, this indicates that the
dot is pumped in the low power regime, far below saturation.
To realize a triggered single photon source, the telecom
tunable laser is modulated by a gigahertz electro-optic modulator 共JDSU兲, which is driven by a pulse pattern generator
共Anritsu 1800A兲 that receives an external clock signal from a
synthesizer sweeper 共Agilent兲. Photon correlation measurements were performed with the same HBT setup as in the
CW experiment 共Fig. 2兲. The repetition rate of the source
was varied between 100 and 300 MHz, with duty cycle
20%–50% 关minimum duty cycle for which the experiment
could be performed was limited by background from the
modulator during the off portion of the cycle; the finite excitation duration likely increases g共2兲共0兲 as a result of the
quantum dot re-excitation兴. Figure 3共a兲 shows the measured
photon statistics for a repetition rate of 100 MHz. The peaks
were fit to exponentials with a single decay rate and the ratio
of the areas of the fitted peaks was used to determine
g共2兲共0兲 = 0.49⫾ 0.07 关g共2兲共0兲 = 0.38⫾ 0.08 with background
subtraction, indicating multiphoton probability suppression
to 38% relative to an attenuated laser of the same power兴. We
observe a reduction in g共2兲 for the immediately adjacent
peaks 共up to two repetition periods兲 to the  = 0 peak to a
value intermediate between the value for the central peak and
the saturated value. This long timescale negative correlation
may be caused by memory effects resulting from long-lived
charged states in the quantum dot.17 Figure 3共b兲 shows photon correlation measurements for repetition rate of 300 MHz;
g共2兲共0兲 = 0.40⫾ 0.09 关g共2兲共0兲 = 0.3⫾ 0.1 with background subtraction兴. At 300 MHz, coincidences from consecutive pulses
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tions wavelengths via difference frequency generation using
the nonlinearity of the surrounding GaAs material19 providing a full interface between the ⬃900 nm quantum node and
the optical fiber network.
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FIG. 3. 共Color online兲 Photon correlation measurement of quantum dot
emission when triggered with frequency doubled telecom wavelength laser
pulses from an externally modulated telecom wavelength laser. 共a兲 Second
order autocorrelation function measurement for 100 MHz repetition rate
with duty cycle 20%. g共2兲共0兲 = 0.48⬍ 0.5 indicates emission from a single
quantum dot. 共b兲 Second order autocorrelation measurement for repetition
rate 300 MHz with duty cycle 50% and g共2兲共0兲 = 0.40.

begin to overlap, as a result of the excitation repetition period approaching the quantum dot lifetime.
In conclusion, we have demonstrated an optically triggered single photon source operating at 100 MHz 关with suppression of g共2兲共0兲 visible up to 300 MHz兴, excited with a
telecommunications wavelength 共⬃1500 nm兲 laser followed
by an electro-optic modulator. In our system, the rate of
single photons is limited primarily by the spontaneous emission rate of the quantum dot. A doubly resonant cavity with
resonances at both telecommunications frequency and the
frequency of the dot would increase the spontaneous emission rate of the dot via the Purcell effect,18 and enable the
realization of a significantly faster 共e.g., ⬎1 GHz兲 triggered
single photon source. Photons emitted from the quantum dot
could also be frequency converted back to telecommunica-
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