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Single-photon emission from exciton complexes in individual quantum dots
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Applications in optical quantum information technology require a new type of light source able to emit
exactly one photon periodically with minimal timing jitter. We investigate the photon emission statistics of
different electron-hole recombination processes in a single photo-excited semiconductor quantum dot. We
demonstrate single photon emission from each of these exciton complexes, revealing the biexciton state to
produce single photons with significantly less jitter in their emission time than the single exciton state.
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The statistical nature of photon emission from conven-dot!®® Compared to atoms, quantum dots have the advan-
tional light sources results in random fluctuations in the numiage of mechanical stability and long lifetime, while also
ber of emitted photons in a given time interval. For instanceallowing nonresonant laser excitation and possible integra-
the distribution in the number of photons in a laser pulsetion with conventional semiconductor light-emitting tech-
obeys Poissonian statistics. There is currently much interestology.
in developing a new type of light source, which emits exactly ~Another possible advantage of quantum dots is that they
one photon at regularly spaced time intervals. This could ballow control over the atomiclike emitting species, through
useful in quantum cryptography, for instance, which wouldconfinement of different numbers of electrons and holes
allow a cryptographic key to be formed from bits encodedwithin the dot!’~?°In this paper we study the photon statis-
upon single photons transmitted along an optical ftBy.  tics of the emission from the different electron/hole combi-
using single photons, the sender and intended recipient aretions that can be confined in the dot. Through a study of
able to guarantee the security of their key, since quantunthe spectral, temporal, and intensity dependence of the dot
mechanics dictates that measurement by a third party wikkmission, we assign transitions due to the biexciton, charged
inevitably produce a detectable change to the encoded singéxciton, and charged biexciton, as well as the simple exciton
photons. In the absence of single photon source, practicaf one electron and one hole. Using a Hanbury—Brown and
demonstrations of quantum key distribution have used &wiss correlation experiment we demonstrate the suppres-
highly attenuated pulsed laser diode. However, it has beesion of multiphoton emission from each of these exciton
shown that the multiphoton pulses, which are inevitablecomplexes. We find the biexciton transition is actually more
when using laser light, render the technique insecure ovefavorable for single photon emission than the single exciton
fiber lengths of more than a few tens of kilometé@ecure  due to the much lower jitter in its emission time.
quantum key distribution over longer distances therefore re- The sample studied was grown by molecular beam epi-
quires the development of a true single-photon source. Intaxy on a GaAs substrate, and consists of a self-assembled
deed such a source will be an essential building block for ajuantum dot layer formed by depositing 1.7 monolayers of
great many applications in  photonic  quantumInAs onto a 500 nm GaAs buffer, followed by a 300 nm
communicationsand computing. GaAs cap. Single quantum dots were isolated by wet etching

It has been long realized that the resonance fluorescen@8 um mesas on the wafer surface. The sample was placed
of a single two-level atom should display photon antibunch-in a cold finger liquid helium cryostat at 5 K, and was ex-
ing, since the emission of a photon returns the atom to itgited nonresonantly with picosecond pulses from a mode-
ground staté. This was first demonstrated experimentally in locked titanium-sapphire laser at an energy of 1.55 eV, above
the resonance fluorescence of a low density vapor of N#e band gap of the GaAs barrier layers. The laser was fo-
atoms and later for a single trapped Mgon? Since then cused to a~1 pm spot on the surface of the sample by an
the photon emission statistics of a range of other quantizednfinity-corrected microscope objective lens, which also col-
two-level systems have been studied, such as singlémated photoluminescence from the sample. This was dis-
molecules, ™ CdSe/znS nanocrystat$, and nitrogen persed by a grating spectrometer and detected using either a
vacancy centers in diamorfet!* charge-coupled devic€CCD) or an avalanche photo diode

A quantum dot is often described as the semiconducto(APD). The magnification was such that the image of the PL
analogue of an atom, since the three-dimensional confindrom a mesa was-100 um, which allowed spatial filtering
ment of the electrons results in their energy spectrum conef the photoluminescence by adjusting the size of the spec-
sisting of a series of discrete lines. Each of these levels cammometer entrance slit. The spectral resolution of our system
accommodate just two electrons of different spin, due to thevas ~50 ueV, and the spatial resolution wasl um.

Pauli exclusion principle. Recently, this property of quantum  Time-integrated PL spectra for selected excitation powers
dots has been utilized to demonstrate single photon emissicre presented in Fig. 1. At the lowest laser power of 0.13 nW,
due to single electron-hole pairs photo-excited in a quantuntwo lines are seen: The stronger markédt 1.3748 eV and
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more lines can be seen as the power is increased.

the weaker markek* at 1.3812 eV. As the power is in-
creased to 4.0 nW, a third lin&Xg) appears at an energy 1.1
meV higher than that oX. At 10 nW and a pair of lineX3
appear at 1.3786 eV and 1.3790 eV. All lines are saturated i
intensity at the highest laser power shown of 40 nW, and n&
other lines are observed at any photon energy up to that jL
the wetting layer emission. The fact that no groups of line
appear to higher energy is strong evidence for the existenc
of only one pair of electron and hole levels in the quantum
dot. Other PL studies on single quantum d®8&82! have
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FIG. 2. Integrated intensities of PL lines as a function of laser

excitation power. Open and solid triangles represent the higher and
lower energy components of th doublet. Dotteddashedl line

FIG. 1. Photoluminescence spectra of a single quantum dot reshows the gradient associated with linéguadrati¢ power depen-
corded for different laser excitation powers. The appearance oflence. The solid lines show calculated power dependenieaofl
X, as a function of photons per pulse absorbed close to the dot.

creases with approximately quadratic power dependence,
with fitted exponents of 1.950.12 and 2.020.15 respec-
Hvely. This strongly suggests that, and X5 are due to
mission from the quantum dot containing two electron-hole
airs. The fact that excited states are not observed rules out
e possibility of attributing the emission to dots containing
ree or more excitons. In addition, the higher and lower
energy components of thé; pair have an almost constant
intensity ratio. They are therefore regarded as a doublet from

shown the appearance of excited state emission arourf§ferent configurations of the same multicarrier complex.
30—60 meV to higher energy of the lines seen at lowest At high excitation powers>80 nW, there is a redistribu-
powers. However, the dots studied here have a smaller sizHon of the emission intensity fron{* andXj towardsX and
as demonstrated by their higher emission energy. It is there$2, demonstrating that emission froXhandX; is a comple-
fore reasonable to conclude that the energy-level spacing ifentary process to emission frof andX3 . This is sup-
our dots is much larger than found in other work, resulting inported by the similar intensities at high laser poweKatith
only a single confined electron or hole level. We observed &, andX* with X3 . The line structure foK andX is very
qualitatively similar PL line structure to Fig. 1 from other different to that forX* and X} , which makes it difficult to
attribute the emission to two different dots within the same
To identify the exciton complexes responsible for the ob-pillar. This conclusion is also supported by emission from
served emission lines, we studied their integrated intensitiesther pillars that seem to contain only a single quantum dot,
as a function of laser power, as plotted in Fig. 2. The intenwhich show qualitatively similar PL spectra and dependence
sity of linesX and X* show an approximately linear power on laser power, as that shown in Fig. 1. A more likely pos-

mesas containing a single dot.

dependence, with exponents of 0:9d.04 and 1.0 0.09,

sibility is that the quantum dot may intermittently capture an

and saturate at approximately the same power of 8 nWexcess carrier to allow formation of charged as well as neu-
ThereforeX and X* are attributed to quantum dot configu- tral excitons, as reported previously*>?°The presence of
rations containing only a single electron-hole pair. The onsetharged biexciton emissiorX§) suggests that the quantum
of emission fromX, and X5 occurs at higher laser powers dot has either a second confined electron or hole level, al-
than for X and X*, and the intensity of the emission in- though the absence of a triexciton transition rules out the
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- . . 0 - FIG. 4. Second order correlation function measured for emission
-2 0 . 2 4 6 from the exciton(X), biexciton (X,), and charged excitonX(*) are
Tlme (nS) shown in panel$a) to (c). The average peak shape associated with

each type of exciton is shown in panéth to (f). Smooth lines are

FIG. 3. Time resolved PL measured for each exciton complex a¢alculated by a convolution of time resolved PL decay curves.
different laser excitation powers. Notice that each complex shows a

distinct lifetime which is independent of the laser power. At the .. S .

higher powers the emission of the single excit¥his delayed until time of X, of 0.54-0.02ns, which is common with the

after that of the biexcitonX,). Similarly the charged excitorx¢) ~ lifetimes of all exciton complexes studied, is found to be
is emitted after the charged biexcitoXy). constant as function of power. Similarly, the peakXdTt is

shifted by 0.44 ns, and is in agreement with the radiative

e .
possibility that both are bound. Transitions between groun(!ffe“me _Of X3 , measured to be 0.52.05ns. . .
and excited levels are parity forbidden. At high laser powers, 1€ time resolved PL demonstrates that the exciton emis-
it is likely that photo-excited carriers will tend to neutralize SIoN follows that of biexciton, which is to be expected since
the charge trapped in the dots. The four features are thibe biexciton state decays radiatively into the single exciton
attributed to the neutralX) and charged excitonX*), and (XZHX-‘I‘ photon). Thus the temporal dependence confirms
the neutral K,) and charged biexcitonX( ). the_a_SS|gnment _of the_s_e Ime_s from the power erendence_ of
Figure 3 plots the temporal dependence of the emissiofheir integrated intensities discussed above. Similarly, emis-
from the different exciton complexes at different laser pow-Sion due toX* follows that of X3 , as expected from the
ers. At the lowest power of 3.8 nW, only emission frofis  radiative decay of a charged biexciton state into a charged
measured, displaying a single exponential decay with a lifesingle exciton X5 — X* + photon).
time of 1.36 ns similar to that reported previou&lyThe The radiative lifetime ofX and X* are determined to be
measured rise of the PL is limited by the response of thel.36+0.06 ns and 1.0¥0.02 ns respectively, more than a
APD. As the power is increased to 12 nW, the two additionalfactor of two longer than the corresponding biexciton. This is
lines X* and X, can be measured, with decay times of attributed to the two possible recombination paths for the
1.07+0.02ns and 0.590.02ns respectively. The rise of two electron-hole pairs in the biexciton. In additioff; has
these curves is again limited by the temporal resolution ofx slightly shorter radiative lifetime thax. This may be due
the system. The PL due % shows a similar decay time to to the lack of a dark state for the charged exciton, which
that at lower power, but the peak intensity of tkePL is  allows X* to be tentatively termed the charged exciton, and
delayed by~0.23 ns relative to its position for the lowest X the neutral exciton.
laser power. This is attributed to the time delay associated The system was then arranged to measure the second or-
with the radiative decay o, into X for some of the pulses. der correlation functiong®(7), between photons emitted
At the highest power shown of 38 nW, all lines have reachedrom X, X*, and X, states, using the Hanbury—Brown and
their maximum intensity, and their temporal characteristicsTwiss set up. PL excited with a relatively high laser power,
are found to be independent of laser power. In this case theo as to saturate the emission intensities, was spectrally fil-
maximum intensity of theX PL is shifted by 0.61 ns relative tered by the spectrometer so as to contain just one emission
to that ofX,, as well as that oX for lower laser power. This line. This was directed by a 50/50 beamsplitter to two photon
is in excellent agreement with the measured radiative lifecounting avalanche photodiodes, and the time ddlay
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between a count in the two detectors recorded by a timé&ime-resolved PL of the corresponding exciton complex, as
interval analyzer. The second order correlation function iscan be seen in Figs(d)—4(f).
given by the distribution in the measured time delays. Since triexcitons cannot be confined in these small dots,
Figure 4 plots the second order correlation function rethe temporal evolution of the biexciton PL remains un-
corded for theX, X*, andX, lines. Each consists of a series changed at higher excitation powers, and the jitter and maxi-
of peaks separated by the laser period of 13.0 ns. Notice thmum bit rate are independent of power, unlike that for the
strong suppression of the peak around zero time delay fasingle exciton for which we observe a delay at high laser
each of the complexes. This is clear evidence for single phopower, or even for a biexciton in a dot with more than one
ton emission from the biexciton and charged exciton comypair of electron and hole levels. This means that the average
plexes in addition to the simple exciton reported previouslynumber of photons emitted by the device per pulse can be
The area of the zero time delay peak observed forXhe much closer to unity, as lower powers are not necessary to
transition suggests a strong suppression of multiphotomeduce the jitter. This has the effect of reducing the number
pulses by a factor of 15 relative to a Poissonian source of thef pulses that contain no photons, and thus increases the
same efficiency.. We believe that the residual multiphotoremission efficiency.
pulses derive from stray emission from the buffer and sub- In summary, we have identified emission lines from an
strate layers of the device and could be reduced by redesigndividual quantum dot from laser power dependent and time
of the sample structure or better spectral rejection. resolved PL measurements. Time resolved PL measurements
There are potential advantages in designing single-photoshow that the radiative lifetime for the exciton complexes
emitting devices around biexcitonic emission from quantumstudied is constant for all laser powers. The lifetime of the
dots rather than the single exciton transition. Since the radiadiexciton is measured to be 0.59 ns, a factor of 2.3 times
tive lifetime of the biexciton is shorter than that of the exci- shorter than the lifetime of the exciton. Correlation measure-
ton, by at least a factor of two in these measurements, thments have shown single photon emission from charged ex-
maximum possible emission rate from the biexciton state canitons and biexcitons in addition to the simple exciton. The
be higher. Another advantage is a reduction in the timingWHM of the X, peaks in the correlation measurement is
jitter associated with the uncertainty in the time betweenfound to be a factor of 1.9 times smaller than the FWHM of
photons. This would allow the photon detector used in theX, consistent with the direct measurement of the correspond-
application to be gated “on” for a shorter time, thus reducinging radiative lifetime, and demonstrates the superior opera-
its dark count probability. Figures(d—4(f) show the aver- tion of a single photon emitter based on biexciton emission.
age peak shape for exciton, biexciton, and charged excitoRecent experimerfts have indicated an extended spin life-
emission. The full width at half maximurtFWHM) of these  time for excitons in quantum dots, which is longer than the
measurements directly demonstrates the reduction in jitter afadiative lifetime. Thus we can expect that the polarization
the biexciton emission relative to the simple exciton fromstates of the exciton and biexciton photon remain entangled
2.79 ns to 1.50 ns. The measured peak widths are in excelleafter emissiorf° allowing a semiconductor source for en-
agreement with calculations based on the convolution ofangled photon pairs to be developed.
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